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ABSTRACT 


The  application  of  servo  analysis  methods  to  the  study  of  handling  quali¬ 
ties  problems  provides  a  unifying  framework  for  requirements  which  hitherto 
were  apparently  diverse  and  unrelated.  The  technique  is  also  effective  in 
delineating  possible  difficulties,  and  solutions  thereto,  for  the  as  yet 
experimentally  unexplored  regions  associated  with  modem  and  future  vehicles 
and  environments.  The  researcli  reported  is  a  study  of  longitudinal  handling 
qualities,  in  this  servo  context,  which  makes  substantial  progress  toward  evolv¬ 
ing  an  analytic  method  for  specifying  handling  qualities  requirements.  Criteria 
and  procedures  are  established  for  estimating  both  pilot  dynamic  behavior  and 
opinion,  Vehiole-pllot  system  studies  utilizing  this  pilot  model  predict  the 
Influence  of  variations  in  the  magnitude  and/or  the  relative  location  of  the 
poles  and  zeros  In  the  vehicle  transfer  function.  Where  experimental  observa¬ 
tions  on  suoh  Influenoes  exist,  they  appear  to  be  reasonably  consistent  with 
the  analytical  predictions.  Where  they  do  not,  the  predictions  identify  new 
parameters  of  possible  significance  and  serve  as  an  interim  basis  for  design 
and  a  guide  to  future  testing. 
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INTRO  bllCTi  ON 


The  work  rnported  hero  was  unOertakon  in  TiirtheraiicR  of  .ati  Air  Force  in'o- 
gram  founded  upon  the  premise;  that  vehicle  ilyn.unic  htiridH.ip^  qualibies  dofiend 
to  a  large  extent  on  the  action  of  the  pilot  an  a  control  ilement  in  the 
pilot-vehicle  closed  loop  system.  To  this  end,  [irovious  studies  have  concen¬ 
trated  on  the  development  of  ai'i  adequate  mathematical  description  of  the 
pilot's  activities  in  such  circumst/incos  (References  The  present  Inves¬ 

tigation  is  part  of  a  continuing  effc  't  to  apply  such  mathematical  models  and 
to  correlate  the  resulting  closed  loop  system  rijnplications  with  present  "con¬ 
ventional"  handling  qualities  flight  research  data.  The  ultimate  purpose  is 
to  derive  a  systems-oriented  theory  which  will  allow  the  prediction  of  vehicle 
handling  qualities  from  a  knowledge  of  the  pilot's  performance  in  the  loop. 

Such  a  theory  has  long  been  desired  because  it  would 

1 .  Focus  attention  upon  and  explain  the  correlations  which 
exist  between  subjective  pilot  opinion  and  performance 
factors  of  the  airframe-pilot  system. 

2.  Form  a  foundation  for  the  insights  required  to  determine 
airframe  characteristics  (and/or  assess  configuration 
changes)  which  offer  possible  improvement  in  frying 
qualities. 

3.  Provide  a  basis  for  deriving  handling  qualities  criteria 
for  configurations  which  have  novel  dynamic  characteristics, 

U,  Provide  a  unifying  structure  for  the  large  amount  of  dynamic 
data  which  have  previously  been  treated  as  unconnected. 

To  a  large  extent,  tlie  present  report  provides  such  a  structure  for  control 
aspects  of  the  airframe  longitudinal  axis;  Reference  f?  pierforms  a  similar  func¬ 
tion  for  tlic  lateral  axis, 

ThR  development  of  dynamic  handling  quality  requirements  from  servo  analysis 
of  pilot-airframe  corriblnations  presupposes  the  practical  existence  of  a  reason¬ 
ably  linear  closed  loop  system  which  involves  airframe,  control  system,  and 
human  components.  Such  a  complete  system,  for  longitudinal  airframe  control 
where  the  pilot  uses  elevator  alone,  is  shown  in  Figure  1.  This  diagram  depicts 
conventional  stability  augmenters,  stick  force  producers,  feedforwards,  etc., 
as  separate  transfer  blocks.  Closing  these  inner  loops  allows  the  entii’e  block 
of  components  within  the  bracket  to  be  considered  as  an  "equivalent  airframe" 
which  relates  the  motion  quantities  controlled  by  the  pilot  to  his  output. 

Figure  1  also  shows  airframe  motions  fed  back  to  the  "display"  (which  can  range 
In  complexity  from  a  single  instrument  to  the  presented  visual  field)  and  air¬ 
frame  forces  and  moments  fed  back  directly  to  the  pilot. 

Restriction  of  the  present  study  to  situations  compatible  with  available 
human  dynamic  data  immediately  requires  the  neglect  of  all  but  visual  inputs 
te  the  pilot.  This  comi)roniise  is  not  serious  in  tasks  requiring  only  moderate 
deviations  from  straight  and  level  .flight,  Referenoe  ij,  for  example,  shows 


WAi}D  TR  60-Ji3 


1 


that  the  pilot  (.iesci’.ibliif  l\inctioii  uoe'S  not  in  loi'in  i’or  iiX'.’O-basi 

(which,  by  definition,  involve  only  visual  inputs)  or  airborne  tasks  with 
similar  controlled  element  dyinwiics.  The  numerical  valutas  for  the  describinK; 
llinction  in  the  airborne  condition  do,  however,  exhibit  an  increased  [lilot 
reaction  time  and  a  lowered  gain  relative  to  the  fixed  base  tests.  Reference  6, 
using  opinion  as  a  measure,  demonstrates  that  only  slight  differences  exist 
between  rotating  and  fixed-base  simulator s.  These  and  other  experimental 
findings  lead  to  the  conclusion  that  fixed-base  data  can  be  extrapolated,  with 
reasonable  vatLidlty,  to  many  flight  situations, 

iVhere  large  accelerations  are  involved,  the  results  developed  must  be  used 
with  somewhat  more  caution.  In  this  regard,  comparisons  of  performance  meas¬ 
ures  between  fixed-base  and  centrifuge  simulators  (Reference  7)  indicate  that, 
up  to  a  steady  state  level  of  about  2-1/2  g,  the  differences  were  significant 
statistically  but  small  practically.  Acceleration  tended  to  Improve  perform¬ 
ance  if  it  was  an  Important  cue  in  the  simulated  task  (e.g.,  coordination), 
and  to  degrade  perfomance  where  the  acceleration  cues  were  distracting  (e.g., 
in  tracking).  In  any  event,  restriction  of  the  present  study  to  visual  Inputs 
alone  focuses  attention  upon  the  pilot  and  airframe  systems  shown  in  Figure  2, 

It  will  bo  noted  here  that  acceleration  inputs  can  still  be  Important  although 
they  must  be,  in  the  present  context,  detected  visually.  The  "display"  can 
still  be  considered  to  cover  a  wide  variety  of  possible  types,  although  its 
form  is  restricted  to  be  of  a  general  compensatory  nature  (l.e,,  the  signals 
seen  by  the  pilot  are  functions  of  an  error,  or  difference  between  system  input 
and  output) .  ' 

The  body  of  the  report  starts  In  Chapter  II  with  a  general  review  of  the 
status  of  the  pilot  as  a  dynamic  element  in  a  man-machine  system.  This  status 
report  presents  the  mathematical  model  of  the  pilot  in  a  general,  literal  form 
ana  gives  a  set  of  general  "rules"  for  the  adjustment  of  the  model's  parameters. 
The  information  summarized  can  be  used  to  estimate  pilot  dynamlo  behavior  in 
a  given  control  situation.  This  is  followed,  in  Chapter  III,  by  a  detailed 
discussion  of  experimental  results  on  pilot  desorlbliig  function  characteristics 
obtained  during  the  course  of  the  fixed-base  simulations  of  Reference  3t  At 
the  outset  these  data  are  divided  Into  two  categories,  one  where  overall  closed 
loop  system  dynamic  performance  is  nearly  constant  (not  a  strong  function  of 
the  controlled  element)  and  the  other  where  the  controlled  element  is  so  diffi¬ 
cult  that  the  closed  loop  is  dominated  by  the  system  input.  In  the  situations 
where  overall  system  dynamic  performance  is  held  nearly  constant,  interpreta¬ 
tion  of  the  data  allows  the  subjective  pilot  opinion  ratings  to  be  correlated 
with  the  dynamic  performance  factors  (describing  function  parajneters)  used  to 
characterize  the  pilot's  actions.  As  a  consequence  of  these  correlations 
approximate  predictions  of  opinion  can  be  made  on  the  basis  of  estimated  pilot 
dynamic  behavior.  Pbrther,  the  general  adjustment  "miles"  of  Chapter  II  become 
more  specific. 

With  the  framework  established  in  Chapters  II  and  III  it  is  possible,  given 
a  set  of  "controlled  element"  dynamics  (display  plus  equivalent  vtir’cle),  to 

1.  Make  an  estimate  of  the  adopted  pilot  describing  .funct.1  i.n. 

2.  FVem  the  adopted  describing  function,  and/or  its  closed 
loop  system  consequences,  estimate  the  j)ilot  opinion  rela¬ 
tive  to  a  particular  "good"  control  situation. 
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ETE  LONGITUDINAL  AIRCRAFT  CONTROL  SYSTEM 


This  model  of  dyrnunics  and  opinion  is  applied  in  Chapter  17  to  the  control  of 
the  lonfjitudinal  short  period.  As  a  point  of  departure,  the  fonn  of  pilot 
describing  function,  with  associated  opinion,  is  estimated  for  a  variety  of 
short  period  damping  ratios  and  undamped  natural  frequencies.  Opinion  bound¬ 
aries  are  then  established  on  the  basis  of  these  estimates.  These  predicted 
boundaries  are  then  compared  and  correlated  with  experimental  opinions,  obtained 
in  fixed-base  simulators  and  variable  stability  aircraft,  with  most  gratifying 
results.  In  the  final  sections  of  Chapter  IV  consideration  is  centered  on 
those  short  period  characteristics  which  have  not  received  the  detailed  experi¬ 
mental  attention  given  to  damping  ratio  and  undamped  natural  frequency.  The 
treatment  in  these  sections  is  based  on  the  use  of  the  general  describing  func¬ 
tion  pilot  model  and  generic  airframe  transfer  Ibnctionsj  and  these  are  combined 
in  a  series  of  system  surveys.  The  generic  system  analyses  performed  predict 
a  variety  of  potential  problem  areas  for  future  craft.  Attention  is  also  given 
to  the  problem  of  marginal  controllability,  and  Initial  predictions  are  made 
and  presented. 

Chapter  V  utilizes  a  treatment  similar  to  that  of  Chapter  IV  to  cover  the 
control  of  longitudinal  long  period  motions.  While  human  describing  flinction 
data  directly  applicable  to  this  situation  are  not  available,  the  use  of  the 
general  pilot  model  in  generic  system  surveys  allows  gross  predictions  which 
are  compatible  with  the  applicable  limited  handling  qualities  experiments. 

Chapter  VI  summarizes  the  conclusions  of  the  analyses  detailed  In  the 
previous  chapters,  and  defines  some  aspects  of  both  "good"  and  "Intolerable" 
airframes  when  viewed  in  terms  of  the  servo  analysis  approach. 
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SUMMARY  OF  PILOT  DYNAMIC  CAPABILITIES  IN  CLOSED  J.OOP  COMiPiYiSATORY  TASKS 


1111171011  capabilities  as  a  (-iynamlc  element  in  a  control  system  are  most 
succinctly  expressed  in  servo  engineering  terms,  i.e,,  as  catalogs  of  transfer 
characteristics  which  constitute  the  repertory  of  pilot  dynamic  response.  Many 
measurements  of  human  response  to  visual  inputs  have  been  made  over  the  past  two 
decades.  These  were  primarily  conducted  in  ground  simulators  (References  1-3, 
8-l6),  although  one  set  (Reference  k)  was  obtained  in  flight.  For  each  set  of 
data  the  measurements  obtained  define  two  quantities  which,  taJ<en  together, 
describe  the  total  human  dynamic  behavior.  These  arei 

1.  A  quasi-linear  random-input  describing  function  which 
characterizes  that  portion  of  the  pilot's  output  linearly 
correlated  with  the  forcing  function. 

2.  A  "remnant"  which  includes  all  of  the  pilot's  output  which 

is  not  linearly  correlated  w  1th  the  system  "orclng  function. 

The  principal  measurement  situations  considered  in  the  studies  referenced 
above  corresponded  to  a  single  feedback  loop  arranged  in  the  "compensatory" 
system  of  Figure  2.  More  limited  measurements  were  taken  In  two-dimensional 
tasks  (still  compensatory)  and  one  set  (Reference  15)  in  a  Bingle-dlmenslorial 
"pursuit"  situation  (illustrated  in  Figure  3).  A  suiTimai’y  of  pertinent  facts 
relating  to  these  experiments  is  given  in  Table  I. 


Figure  3 
Pursuit  System 
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TABLE  I 
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The  block  diagrain  oi’  2  is  shown  in  modified  fom  in  Figure  h  with  tije 

pilot  represented  by  hie  describing  function  plus  remnant,  the  dynamics  of  the 
display,  control  system,  and  vehicle  lumped  into  a  "controlled  element,"  and  the 
system  input  mod'‘.fied  (if  necessaiy)  into  an  eqiiivalent  forcing  function. 


PORCINO 

FUNCTION 


PILOT'S 

STIMULUS 


REMNANT  I 


PILOT'S 

OUTPUT 


CONTROLLED 

ELEMENT 

DYNAMICS 


SYSTEM 

OUTPUT 

r(t) 


Figure 

Equivalent  Block  Diagram  of  Compensatory  System 


Human  characteristics  measured  in  such  situations  depend  upon  the  other  system 
elements,  1, e.,  the  controlled  element  dynamics  and  the  forcing  function.  In 
actual  measurement  situations  this  dependence,  although  basic,  is  obscured  by 
the  limited  frequency  range  (bandwldtn)  and  the  run-to-run  variability,  within 
and  between  subjects,  of  tlie  measur?ment8.  For  averaged  data,  however,  it  is 
possible  to  show  (Reference  2)  that  a  fairly  simple  analytic  describing  function 
font!  is  adequate  to  describe  human  behavior  for  a  given  controlled  element  and 
forcing  function.  When  these  describing  functions  for  all  ©Kperlmenbs  are 
generalized,  a  servo  model  of  human  operation  and  adaptation  (in  compensatoi'y 
tasks  with  random  appearing  forcing  functions)  is  obtained.  This  model  is  a 
dynamic  description  of  pilot  capabilities  in  such  situations  and  consists  of 
two  elements: 

1 .  A  generalized  describing  function  form, 

2.  A  series  of  "adjustment  rules"  which  specify  how  to  "set" 
the  parameters  in  the  generalized  describing  function  so 
that  it  becomes  an  approximate  model  of  pilot  behavior  for 
the  particular  situation  considered. 
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E-ELKINO  DATA 
H-HALL  DATA 
R- RUSSELL  DATA 
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PHASE  MARGIN  (deg) 

FIGURE  5 

PHASE  MARGINS  OBSERVED  FOR  Odb  CROSSOVERS  WITHIN  THE  DATA  REGION 


The  general  form  approximating  the  human  biijig's  describing  function  for 
one-  and  two-dijnensional  compensatory  control  tasks  is  given  by 


"  (Tjs  +  1 )  (Tijs  +  1 ) 


(1) 


where 


T  is  the  reaction  tine  delay 
Tjj  oorreaponda  to  neuroitiuaoular  laga 


I  Not  adjuatable  by  pilot 


Tlb  +  1 

TiB  +  1 


la  the  pilot's  equalization  characteristic 


Kp  la  the  pilot  gain 


The  restriction  of  pilot  equalizer  form  to  one  Including  only  a  single  lead  la 
not  strictly  precise,  since  for  eome  leolatod  inetancee  there  Is  evldenoe  that 
a  second  lead  term  maybe  gersrated  (Referencee  2,  3,  1U).  VAien  using  human 
pilot  analytical  models  for  i-ough  estimates  of  pilot  capability,  however,  the 
form  of  Eq,  (1)  le  preferred  for  both  eijnpllolty  and  conservatism. 

The  adjustment  rules  are  not  so  simply  stated  ae  the  describing  function 
general  fozm  since  they  depend  Intimately  upon  interaotione  with  the  other 
elements  of  the  man-*machlne  system,  l.e.,  the  forcing  Amotion  and  oontrolled 
element.  In  general,  the  adjustments  can  be  divided  artificially  into  two 
categories  ~  adaptation  and  optlmallzatlon.  Broadly  speaking,  adaptation  le 
the  selection  by  the  pilot  of  a  epeolflo  form  (lag-lead,  lead-lag,  pure  lead, 
pure  lag,  or  unity)  for  the  equalization  oharaoterlstloe,  and  optlmallzatlon  le 
the  adjustment  of  both  the  gain  and  the  eeleoted  equalization  parameters  to 
satisfy  acme  Internally  generated  criteria.  The  adaptation  prooese  Is  fairly 
well  understood,  being  essential  ly  the  eeleotlon  of  a  form  whloh  Is  oompatible 
with  good  low  frsquency,  closed  loop  system  reeponse  and  general  system  stabil¬ 
ity.  The  Internal  criteria  used  for  the  optimalizing  proueee  are  not  known,  but 
some  Insight  Into  their  practical  coneequenoes  can  be  obtained  by  an  examination 
of  past  human  operator  data.  Figure  $  presents  all  available  data  on  eyetem 
phase  margins  for  pllot-plus-controlled-element  combinations  (the  difference 
between  open  loop  eyetem  phase  and  -180  degrees,  at  the  Arequenoy  where  open  loop 
gain  Is  unity)  for  those  experiments  where  measured  data  points  exist  in  the  gain 
crossover  region.  These  results  Indicate  that  the  describing  Ibnotlon  parameters, 
after  Initial  adaptation  of  pilot  equalization  form,  ordinarily  are  adjusted  so 
that  the  system  phase  margin  Is  between  60  and  110  degrees. 


■•^he  phase  margins  noted  here  are  higher  than  those  given  In  Reference  2  where 
0  to  30  degrees  was  suggested  on  the  basis  of  extrapolations  to  crossover.  The 
availability  of  more  data  (Reference  3)  spanning  the  crossover  region  accounts 
for  the  change. 
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WRIWTOW  OF  PMJQT  CAW  AND  ASSOPATED  TME-CONSTANT 
ITOFF  FREQUENCY  OF  RECTANGULAR  FORCWG  FUNCTION  SPECTRA 


The  optlinallzlnt?  characteristic  ic  best  illustrated  by  I’ererring  to  one  of 
p:ikinci's  experiments  using  a  compensatory  system  with  a  unity-gain  controlled 
element  (no  dynamics) (Reference  2  or  1i;),  The  ejqperlment  used  forcing  function 
spectra  which  were  rectangular  in  shape  and  covered  a  frequency  band  from  zero 
to  the  cutoff  frequency,  The  cutoff  frequency  was  an  experimental  variable, 

and  seven  values  In  the  range  from  1,0  to  1^,0  radians/second  were  available. 
Human  describing  function  data  for  experljnents  performed  with  each  of  the  avail¬ 
able  forcing  function  spectra  were  curve-fitted  with  the  simple  expression 


The  gains  and  time  constants  derived  from  these  fits  provide  the  data  for  Fig¬ 
ure  6  which  shows  that  the  desorlbing  function  adjustments  were  given  approxi¬ 
mately  by 


8,2  (for  Uqq  <  6  rad/seo) 


(3) 


Thust  1.  The  pilot  gain  was  Inversely  proportional  to  the  square  of  the  forc¬ 
ing  function  cutoff  freqpienoy  (or  bandwidth), 

2,  The  system  crossover  frequency  (uq  ■  Kp/Tj)  was  Independent  of  forc¬ 
ing  function  ft'equenoy,  provided  coq  >  Uqq, 

3.  For  high  cutoff  frequencies,  the  closed  loop  dynamic  characteristics 
were  dominated  by  the  fact  that  Uq  <  Ugg  and  deteriorated  accordingly. 

The  results  reviewed  above  are  compatible  with  other  oases  although  the 
value  of  the  constant  crossover  ft'equenoy  Is  not  the  same  as  cited  above  slnoe 
this  value  depends  upon  the  controlled  element  dynamics.  The  optimalizing 
behavior  Illustrated  here,  in  the  adjustment  of  Kp  and  Tj  as  functions  of 
has  been  shown  (Reference  2)  to  have  consequences  roughly  similar  to  those 
obtained  using  ^e  conventional  servo  synthesis  criteria  of  minimizing  the  rms 
error, 

P^om  the  discussion  above,  and  other  Infonnatlon  which  Is  contained  in  Ref^ 
crenoe  2,  the  known  adjustment  rules  for  the  human  operator  describing  function 
of  Eq,  (1)  can  be  summarized  as  foUowsi 


1. 

2. 


The  human  adapts  the  form  of  his  equalizing  oharaoterlstlos 
to  achieve  stable  control. 


The  human  adapts  the  form  of  his  equalizing  oharaoterlstlos 
to  achieve  a  good  low  freouenoy.  closed  loop  system  response 
to  the  forcing  function,  A  low  frequency  lag  CTi)  ^  gener¬ 
ated  when  both  of  the  following  conditions  apply’ 


a.  The  lag  would  improve  the  system  low  fi'equenoy 
oharaoterlstlos. 
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b.  Tin  Control I'J'i  rlomert  ciiaractcristics  ai’r  such 
that  thi'  introduction  ol'  the  low  frequency  lag 
will  not  result  in  liighor  frequency  destabiliz¬ 
ing  effects  which  are  incapable  of  being  over¬ 
come  by  a  single  first  order  lead  (Tl), 

3.  After  good  low  frequency  characteristics  are  assured,  within 
the  above  conditions,  lead  is  £ene£ated  when  the  controlled 
clement  characteristics  multiplied  by  ttie  e”^®  term  of  Yp  are 
such  that  a  lead  term  would  be  essential  to  retain  high  fre¬ 
quency  system  stability. 

Ji.  After  initial  adaptation  of  equalizing  characteristic  form, 
the  describing  function  parameters  are  adjusted  so  that 

a.  System  phase  margin  lies  between  60  and  110 
degrees. 

b.  Closed  loop,  low  frequency  performance  in 
operating  on  the  forcing  function  is  optimum 
in  some  sense  analogous  to  that  of  minimizing 
the  rms  error. 

There  la  a  great  similarity  between  tlie  rules  given  above  and  those  useful 
in  conventional  servo  design,  particularly  as  regards  selection  of  equalization, 
phase  margin,  and  tlie  minimization  of  nns  error.  It  can  be  stated,  therefore, 
that  the  adjustments  of  the  variable  parameters  in  the  human  describing  function 
are  similar  to  those  a  servo  engineer  would  select  for  the  same  control  situa¬ 
tion,  The  controller  "black  box"  available  to  the  servo  analyst  must,  of  course, 
be  limited  in  possible  function  to  that  of  the  general  human  describing  fbnctlon 
given  in  Eq,  (1),  with  allowable  adjustments  in  Tl,  Ti,  and  Kp, 

Eq,  (1),  as  adjusted  by  the  above  rules,  applies  quite  well  to  all  situations 
whore  the  system  crossover  frequency,  estimated  by  application  of  the  model,  is 
f'reater  than  the  cutoff  frequency  of  the  system  forcing  f  notion,  When  this  is 
not  the  case  the  system  exhibits  degraded  closed  loop  dynamic  performance,  the 
pilot  becomes  much  more  nonlinear  than  usual,  and  he  may  attempt  to  overcome  the 
condition,  Wc<'-*^co>  ^7  generating  higher  order  leails,'*’’ 

Th  describing  Ibnction  and  the  adjustment  "rules"  appear  to  bo  Independent 
of  the  typo  of  manual  manipulative  device,  at  least  over  the  range  covered  in 
Tabic  and  to  apply  to  airborne  situations  in  straight  and  level  flight,  as 
sfiown  in  Reference  I*.  However,  for  the  particular  flight  situation  studied  the 
values  of  v  were  greater  by  about  0,1^  seconds  and  the  longitudinal  pilot  gains 
were  loss  by  about  half  than  those  observed  on  the  analogous  fixed  simulator. 


^Thcre  are  very  few  experimental  data  for  which  osq  <coco  low  pass  inputs. 
They  consist  only  of  the  two  Elkind  conditions  (for  ajjjo  ■  10.0  and  15.0  rad/ 
sec)  and  four  of  Hall's  configurations, 

^The  remnant  term,  however,  is  not  independent  of  the  manipulative  device. 


1)t 
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the  essciili.-il  tool  rc  qaiz'''''.!  foi’  a  foiiffal  manual  coiitrol  Lhcory,  'Its  j-rojn,>i' 
application  to  a  (livon  control  situation,  dofijicci  by  tlio  controlled  olcmont 
dynamics  and  the  forcing  llmction  power  s])octra,  results  In  a  prediction  of 
pilot  and  system  closed  loop  behavior.  Accordincly,  tlio  model  is  directly  use¬ 
ful  in  defining  vehicle  dynamics  which  are  difficult  or  impossible  to  control 
(e.g.,  closed  loop  unstable).  It  also  provides  the  basis  for  assossir..g  the 
effects  of  changes  in  the  control  situation  on  pilot  behavior.  Examples  of  its 
use  in  such  applications  are  giver  in  Reference  ^  and  the  present  report. 


In  that  it  describes  certain  kinds  of  human  behavior  in  mechanistic  terms, 
this  pilot  dynamic  model  is  the  logical  culmination  of  extensive  efforts  in  the 
field  of  man-machine  systems.  But,  the  human  is  a  unique  system  component  in 
more  ways  than  can  be  characterized  by  the  simple  servo  model  —  his  equivalent 
"black  box"  contains  also  a  computer  of  unusual  prowess  and  a  loudspeaker  of 
often  exceptional  power.  In  other  words,  the  human  pilot  is  a  vocal  adaptive 
controller.  Indeed,  in  much  of  handling  qualities,  research  the  vocal,  or  opinion, 
aspect  of  v.he  human  has  been  the  only  "measure"  of  complete  system  operation. 

Since  such  a  "measure"  appears,  on  the  whole,  to  be  surprisingly  objective,  it 
is  essential,  in  a  complete  theory  of  handling  qualities,  to  connect  pilot  opin¬ 
ion  with  pilot  and  system  behavior.  If  this  can  be  accomplished,  then  the 
analyst  will  be  able  not  only  to  predict  how  a  pilot  behaves  in  various  control 
situations,  but  also  to  estimate  the  associated  opinion  variations.  Initial 
efforts  in  attaining  this  goal  constitute  the  subject  of  the  next  chapter. 
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C\i!i?rV.R  III 


PILOT  OPINION  AS  INILirPNCSN  BY  Cl-OSl',!..  LOOi’  SYSTl'K  /iNi)  PIJX)T  DYN/J-IICS 


A.  FACTORS  INVOLVED  :1:N  Pimr  OPINION 

III  3pit«  o.f  fcho  occasional  unreliability  o.f  opijiion  jiolls,  [dlob  opiJiion  has 
long  been,  and  promises  to  remain,  a  critical  element  in  assessiiif;  vehicle  manual 
control  configurations.  In  fact  skilled  [lilots  cfin  deliver  highly  selective, 
representative,  and  reliable  relative  measures  of  system  behavior.  These  judg¬ 
ments,  as  gathered  and  used  in  handling  quality  research,  do  not  exhibit  the  ex¬ 
treme  variability  common  to  opinion  polls  Vwcausi?! 

1,  A  tightly  constraino'd  situation  is  ijnposed  upon  the  plDot 
by  vehicle  djoiamics,  forcing  function,  and  assigned  tasks, 

2,  The  subjects  are  generally  mcmbfjrs  of  a  highly  restricted 
and  skilled  piopulatlon, 

3,  The  ratings  given  are  ordinarily  relative  assessments 
which  differentiate  between  several  dynamic  configurations 
possessing  similar  general  characteristics. 

For  these  reasons  pilot  opinion,  as  a  subjective  expression  of  the  overall  suit¬ 
ability  of  a  pilot-airframe  system,  has  always  been  considered  to  rest  strongly 
upon  objective  factors,  F'rom  the  stand{>olnt  of  man-machine  system  dynamics 
these  objective  factors  can  be  divided  Into  three  oategorlesi 

1,  Vehicle  dynamic  characteristics  in  response  to  open  loop 
oommands, 

2,  Closed  loop  pilot-airframe  system  dynamic  characteris¬ 
tics,  i,e,,  what  the  closed  loop  system  is  doing, 

3,  Pilot  dynamic  characteristics  as  an  operating  entity  in 
the  clooed  loop  situation,  l,e,,  what  the  pilot  is  doing. 

While  the  first  category  cannot  be  neglected,  the  latter  two  are  of  primary 
interest  in  a  systems  analysis  view  of  handling  qualities. 

Ideally  it  would  be  preferable  to  separate  the  effects  of  closed  loop  and 
pilot  dynamic  oharaoteristios  on  opinion  by  performing  tests  where  lihe  closed 
loop  dynamics  were  held  constant  while  pilot  oharacterlstlos  varied  and  vice 
versa.  Unfortunately  the  adaptability  of  the  pilot  and  the  complexity  of  the 
dynamic  aituationa  makee  auch  a  test  program  extremely  difficult  to  Implement 
except  for  very  almple  cases.  However,  it  is  possible,  ae  developed  below,  to 
achieve  at  leaat  part  of  the  desired  independence  by  carefully  selecting  and 
grouping  existing  data. 

The  most  pertinent  measures  of  closed  loop  dynamic  characteristics  are  the 
poles  and  zeros  of  the  closed  loop  transfer  function.  While  the  closed  loop 
system  may  have  many  poles,  it  is  ordinarily  possible  to  approximate  the  essen¬ 
tial  pilot-vehicle  system  dynamics,  for  conditions  where  the  system  is  essentially- 
acting  as  a  low  pass  filter  on  a  low  pass  input,  by 


WADD  TR  60-143 


17 


1.  A  aitit'l  '  Cii'isl,  or-!"i'  ii:oilc,  vr 
A  vSiiH'in  fiocotitl  ofdi'i'  inouu,  or 
3.  Hiio  f'ii’st,  ordor  i  lus  one*  socond  ordor  mod'*. 


Wiii:i\  Un'  fircb  a:ian  applies,  Uie  open  loop  crossover  frequency,  ovj,  is  an  excol- 
li'iib  approximation  to  Uu,‘  dotniji;int  closed  looi)  root.  For  the  second  case,  jiliase 
marpin  j'lus  crossover  i requency  serve  to  defiaie  the  dominant  closed  loop  mode,'. 
Fince  tlie  pilot  tends  to  adjust  in  such  a  way  that  phase  marplji  is  constant,  tho 
eJ  osed  loop  dynamics  "for  pilot-aij’ frame  systems  which  fall  into  cases  ’  and  2 
above!  are  quiti;  well  measured  by  the  crossover  frequency  alone.  F'or  the  third 
case,  crossover  frequency  i.s  usually  a  fair  measure  oJ  the  first  order  mode,  but 
uoditlonal  information,  such  as  undamjicd  natural  J'requenoy  tmd  dam]jin(;  ratio,  is 
I'cqiMred  to  deJ'inc  the  closed  loop  second  order  mode. 


From  tlie  above  discus  si, on  it  is  appiarent  that  tlie  njjen  looj)  crossover  fre¬ 
quency  Is  an  excellent  measure  of  closed  loop  dynamic  characteristics  in  poneral, 
although  it  may  require  suppilcmentation  to  cover  the  tidrd  jjossibility  coinpletcly. 
Accordingly,  if  data  were  available  for  a  series  of  systems  in  which  crossover 
frequency  and  tho  otlier  closed  loop  dynamic  measures  were  substantially  constant, 
then  closed  loo))  dynamic  perfonnatice  could  also  be  considered  constant.  The 
systems  wlvich  possessed  thes(=:  charactei’lstics  would  then  form  a  set  wliere  closed 
loo))  dynaiTiics  could  be  eliminated  as  a  factor  which  penerates  pilot  opinion  dif¬ 
ferences.  The  principal  objective  opinion  factors  riimainlne  would,  consequently, 
have  to  be  due  to  differences  in  pilot  dynamic  characteristics.  If  pilot 
iescriblnp  function  data  wore  available,  opinion  could  be  correlated  with  these 
descrlbinf;  function  parameters.  This  process,  assuming  correlation  existed, 
would  thereby  allow  an  estimate  of  that  portion  oJ’  the  pilot's  opinion  which  is 
based  upon  his  dynamic  cliaracteristics.  Data  which  can  be  used  to  perform  pre- 
cJscly  this  sort  of  correlation  are  jjresented  and  analyzed  in  succeeding  sections. 

Unfortunately,  the  influence  of  closed  loop  dynamic  performance  upon  opinion 
is  not  quite  as  clear-cut  as  is  that  of  the  pilot's  dynamic  characteristics. 

I'ai't  of  tlu:  closed  loop  characteristic  o.f  interest  is,  as  was  ])reviously  mentioned, 
suitably  defined  by  tho  crossover  frequency,  According  to  the  pilot  adjust- 

m<’nt  "rules”  of  Chajiter  IT,  this  parameter  will  ordinarily  be  such  tliat  the  over¬ 
all  system  j)ossesscs  "good"  low  frequency  response  to  the  forcing  function, 

'IT.ifi  roqui:  s  Mq  >  oi^oj  'irid  tho  jdlot  would  be  expected  to  adjust  accordingly! 
if  Fuoh  an  aiijustment  were  impossible,  his  opinion  of  the  syst/cm  would  be 
-I'  /mded.  Available  data,  subsequently  t'l’esentod,  support  this  conjecture. 


hi  those  cases  where  a  miriirum  description  of  the  closed  loop  system  requires 
both  a  first  and  sc'cond  order  mode,  the  crossover  frequency  is  not  sufficient 
icfiju!  co.'Tijjletely  tl' t  total  system  dynamic  performance.  The  simplest  supple- 
n,  iitarj''  measure  in  the  diunj-ing  ratio  of  tho  closed  loop  second  order  mode.  As 
■  incuss'-d  thoj’oughily  In  the  last  section  of  this  chapter,  this  parameter  can  be 
rd.imted  from  some  of  the  available  data  although  the  procedures  involved  are 
.t'ai..i'ly  tc.''.liou.s.  Tho  a(.iJustmont  rules  imply  that  tlic  jiilot  should  atl-empt  to 
olaco  the  dfimiiing  ratio  within  a  small  range  whlcli  is  consistent  with  a  nearly 
r.in'inum  system  nris  error.  When  this  aiijustment  is  not  achieved,  opin,',.on  Is 
iiMielly  degraded. 


'’u.n 


With  tills  rather  lorp'  introduction  as  a  f^iido,  the  actual  data  and  correlations 
nov;  be  presento  i,  Bcfori’  tiie  correlations  are  attempted  a  short  description 
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of  tJ'.o  c  l'  Hi.' r(’j\‘iiCo  3  is  Kiven  is)  flic  tii  xl  scclir.n  since  fi.iii'  nai  a 

i'oriT!  IIlc  it, a,' 01’  basis  lor  the  dcveloiiineni  of  llio  Uncji'y. 

B.  OPNEBiiL  DESCHIl^TION  OF  THE  iiiiJi.  HXi'’]';KlMKNTS 

The  Hiill  exjieriments  were  jierl'ormed  in  a  mockup  siinulatlnp  Uk  cockj)it  con¬ 
trols  of  a  Navion  air]ilane.  Two  pilot  test  subjects  perfoiTed  twa-dimensional 
(lateral  and  lorif'itudinal)  trackinc  tasks  wiUi  rarriom  apin-’aninr  forclnj:  liinction;- 
which  had  Gaussian  amplitude  distributions.  The  lateral  dynamics  wei'c  those  of 
a  Navion  aircraft  in  a  cruise  configuration  while  the  longi.tuuinal  controllo'd 
element  jharacteristicn  were  varied  over  a  wide  range  of  transfer  function  forms, 
Tliree  two-minute  nins  i)er  subject  were  performed  for  each  traiisfei’  .function.  The 
forcing  fuiictions  used  in  both  control  axes  had  a  spectral  foim  obtained  by 
passing  essentially  white  noise  through  a  thljd  order  binomial  filter  with  a 
break  frequency  of  one  radian/second.  The  pilot's  compensatory  ilisplay  indicated 
the  horizon  and  a  roll-resolved  target  on  fin  Inside-out  basis, 

F’or  each  of  the  controlled  element  configurations,  extensive  data  were  taken 
on  pilot  and  pilot-airframe  system  behavior.  Those  included  pilot  describing 
functions  «ind  linear  correlations,  power  spectra  of  output,  error,  and  remnant, 
probability  distributions  of  output,  computations  of  roan  absolute  tracking  error, 
^lnd  pilot  opinion. 

The  pilot  opinion  scale  was  evolved  by  the  two  subjects,  Thieir  definitions 
were  (quoted  from  Reference  3)« 

"Good  (0)  Aircraft  response  veiy  suitable  for  the  given 

tracking  task. 

Acceptable  (A)  Possessed  of  satisfactory  flying  qualities, 

but  less  easy  to  control  than  a  "good"  config¬ 
uration!  aircralt  resiJonse  either  faster  or 
slower  than  that  whlcli  the  pilot  visualizes  as 
moat  desirable. 

Poor  (P)  Possessing  characteristics  whioli  require  con¬ 

siderable  concentration  to  accomplish  the  given 
tracking  taskj  configurations  are  either  quite 
touchy,  unresponsive,  or  poorly  damped, 

Unacceptable  (U)  Quite  unsuitable. 

The  subjects  differed  only  between  P  ana  U,  Pilot  II  tended 
to  classify  aircraft  which  were  unsuitable  for  the  given 
tracking  task,  but  could  conceivably  be  flown,  as  P,  resei’vlng 
U  for  configurations  which  he  considered  as  unsafe  to  fly 
under  any  circumstances,  while  Pilot  I  tended  to  classify  all 
configurations  with  which  tracking  was  vei’y  difficult  as  U." 

With  the  exception  of  the  noted  differences  in  P  and  U  ratings,  it  should  be 
emphasized  that  the  rating  syjtfsn  was  based  solely  on  tracking  tasks. 

The  four-adjective  scale  as  actually  used  in  assessing  all  of  Ball's  config¬ 
urations  resulted  in  10  different  ratiiigs  because  of  the  use  of  plus  ("some¬ 
what  more  than")  anti  minus  ("somewhat  less  thiin")  quulj.fioations.  For  ’'lotting 
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]  ur|ioK''s,  therefor.',  a  numoiical  scale  wliich  rouf;hly  follows  that  suf:(;este  i  in 
iteferenci?  21  has  been  assj(:^ed  as  follows: 


Nu.'noric.al  Adjective 


Development  of  the  other  Hall  data  parametera  is  not  conaidered  necesaary  here. 

A  complete  diacuaalon  is  contained  in  Reference  3»  and  the  details  of  the  data 
used  in  the  developments  to  follow  are  presented  in  context  with  the  arguments 
which  they  support. 

C.  DEPENDENCE  OF  OPINION  UPON  PILOT-ADOPTED  DYNAMIC  CHARACTERISTICS 

Turning  now  to  the  correlation  effort,  consider  the  general  pilot  model 
previously  dlaoussed.  Three  fundamental  opinion  factors  are  present.  These 
are: 

1  .  Value  of  gain,  Kp. 

2.  Value  of  lag  inverse  time  constant,  l/Tu  alternatively, 
the  frequency  position  of  the  lag, 

3.  Value  of  lead  Inverse  time  constant,  1/Tl,  and  the  possi¬ 
bility  that  a  second  lead  term  may  be  generated}  alterna¬ 
tively,  the  order  and  frequency  position  of  the  lead, 

The  data  used  to  determine  the  effect  of  each  of  these  factors  upon  opinion  have 
been  selected  from  the  total  available  data  by  considering  conditions  where. 
Insofar  as  possible,  he  remaining  factors  and  the  closed  loop  dynamics  are 
essentially  constant. 


1 .  Effect  of  Pilot  Gain  on  Opinion 


The  Hall  configurations  lllustratinp  the  effects  oi"  gain  variations  are 
of  the  transfer  function  form 


Pertinent  data  for  this  set  of  configurations  are  presented  in  Table  II,  These 
have  already  been  fairly  thoroughly  explored,  in  the  present  context,  in  Refer¬ 
ence  b'  and  only  the  highlights  of  this  exploration  will  be  presented  here. 
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TABLE  II 


NUMMARY  TilBLE  OF  HALL  Kc/s  CONFIGURATIONS 


Configui'ation 

Kc 

(Dog/ln) 

0}:)  in  ion  Rating 

Average  Stick 
Force,  Fn 
(Lb) 

Moan  Absolute 
Tracking  Error, 

(Leg) 

Pilot 

I 

Pilot 

II 

Average 

Pilot 

I 

Pilot 

II 

Average 

Pilot 

I 

Pilot 

II 

Average 

3i^ 

9 

6.5 

7.75 

M 

.36 

.ho 

.85 

.81 

.83 

25 

wm 

6 

6.5 

.65 

.59 

.62 

.65 

.86 

.76 

15 

2 

D 

3.5 

.71 

.97 

.81; 

.76 

.79 

.78 

10 

3 

2.5 

I.I45 

1.95 

1.70 

.77 

.63 

.70 

5 

h 

2 

3 

2.28 

3.01; 

2.66 

.75 

.67 

.71 

1 

10 

5 

7.5 

7.9 

6.5 

mm 

.81; 

.73 

.79 

In  Reference  $  it  is  shovm  that  the  equalization  form  adopted  by  the 
pilot  for  these  configurations  is  a  simple  gain.  This  follows  the  "rules” 
postulated  in  the  foregoing  Section  A.  The  data  show  that  pilot  gain,  Kp,  is 
adjusted  so  that  the  total  open  loop  gain  and,  consequently,  the  crossover  fre¬ 
quency  remain  approximately  constant  vdth  changes  in  controlled  element  gain, 

Kc.  The  actual  relationship  is  KpKo  ■  mq  ■  1,2,  This  implies  that  the  closed 
loop  system  dynamics  are  essentially  constant,  Rirther  evidence  is  supplied  by 
the  measured  tracking  errors  which  are  about  the  same  for  all  values  of  Kq  (or 
Kp).  On  the  basis  of  these  and  other  observations  it  is  apparent  that  the 
pilot's  objective  opinion  can  only  be  influenced  by  the  value  of  Kn  he  adopts 
since  this  is  the  only  remaining  variable.  Accordingly,  pilot  rating  is  plotted 
versus  pilot  gain  to  yield  a  measure  of  the  influence  of  this  particular  param¬ 
eter  on  opinion.  This  plot  is  repeated  here  as  Figure  7. 

This  figure  sliows  an  "optimum"  pilot  gain  for  highest  opinion  and  indi¬ 
cates  that  either  increasing  or  decreasing  this  gain  results  in  a  lowered  opin¬ 
ion.  When  the  pilot  gain  is  too  high  or  too  low,  corresponding  to  a  controlled 
element  gain  which  is  too  low  or  too  high,  the  pilot  considers  the  response 
"too  sluggish"  or  "too  sensitive,"  His  opinion,  in  either  situation,  is 
degraded  considerably  from  the  optimum  gain  case.  Nevertheless,  there  is  a 
fairly  broad  gain  band  associated  with  acceptable  and  good  opinions  (region  Q-A 
in  Figure  7).^ 


^•■It  should  be  noted  that  the  level  of  pilot  gains  considered  optimum  is  not  a 
universal  constant,  but  instead  depends  on  the  manipulative  device  and  possibly 
the  axis  being  controlled.  The  present  instance  cites  data  for  longitudinal 
control  with  a  wheel.  Much  of  the  engineering  psychology  literature  on  optimum 
"control  ratios"  is  directly  pertinent  to  this  same  subject. 
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(LB/RAD) 


FIGURE  7 

PILOT  GAIN  VERSUS  OPINION  RATING 
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of  di  C:  biji'i, 

Thi.  crrocl.'i  of  !  IJ  oL-a  lopl''.!  1<  aa  oquaii /atlon  oti  oJ3J.ioii  havi  l".ii  ii 
ili  l/('nnjra'ii  by  oiialyv^inc  -ainJ  ctn’rolatiji/'  the  Hal],  siioi’t  j.M  riob  .I’et'Ultn.  Thr 
conbrollcii  oloment  for  ibis  sot  of  tests  liaii  the  fonn 

_ _ . 1-,1  } _  (t,) 

»  [(4)"  *  "  '] 

The  gain  and  lead  tlino  constant  were  held  constant  throufjhout  the  experijnents, 
while  the  undamped  natural  frequf?ncy  and  dampinf'  I'atio  wore  varied.  Hall  ('atfi- 
ored  pilot  response  and  iierfomiiuice-measure  data  for  a  total  of  20  different  .I, 
and  05n  conficurations.  For  seven  of  these,  however,  the  data  are  incoinjilete  in 
thiat  pilot  describing;  function  /md  spectral  data  exist  for  only  one  or  tfie 
other  of  the  two  sub.jects  tested.  Only  the  13  configui’ations  whicli  wore  com¬ 
pletely  documented  are  considered  here  since  two-jillot  averap;es  are  desirable 
to  increase  the  sipniflcajico  of  the  conclusions  derived. 

Table  111  summarisies  the  opinion  ratings  and  perfonnance-measure  data 
for  each  pilot  separately  and  as  averages,  A  consistent  difference  in  jicrfonn- 
ance,  as  measured  by  tlie  mi;an  absolute  tracking  error,  ajipoars  to  exist  between 
the  two  pilots.  This  difference  can  bo  summarised  concisely  by  noting  that  the 
average  |e|  for  all  conficurations  is  .9'jS  for  Pilot  I  and  ,760  for  Pilot  11. 


TABLE  III 

SUMMARY  TABLE  OF  HALL  SHORT  PERIOD  CONFIGURATIONS 


Configuration 

Opinion  Rating 

Average  Stick 
Force,  Fe 

_ 

Mean  Absc 
Tracking  Eri 

_ 

)lute 
'or,  iri 

Pilot 

I 

Pilot 

II 

Average 

Pilot 

I 

Pilot 

II 

Average? 

Pilot 

I 

Pilot 

11 

Average 

.63 

.35 

10 

10 

10 

7.7 

8.2I4 

7.97 

l.hS 

1.52 

1.50 

.63 

.75 

10 

9.5 

9.75 

6.33 

6,88 

6,61 

I.II4 

1 .16 

1  .30 

1.57 

.2 

10 

10 

10 

6.5 

I4.01 

5.66 

1.30 

I.Oh 

1.17 

1.57 

.35 

7 

0 

7.5 

5.2I4 

6,68 

5.96 

.93 

.93 

.93 

1.57 

.75 

3 

2 

2.5 

5.67 

5.32 

5.75 

.78 

.65 

.72 

1.57 

1.0 

6 

3 

14.5 

ii.65 

3.93 

I4.29 

.90 

.77 

.81 

2.51 

.2 

10 

10 

10 

2.7 

1.71 

2.21 

1 .21 

.80 

1.01 

2.51 

.5 

2 

6 

it 

2.20 

2.76 

2.1;8 

.97 

.76 

.87 

2.51 

1 .0 

3 

1 

2 

2.82 

2,82 

2.82 

.85 

.61; 

.75 

3.77 

.2 

5.5 

8 

6.75 

2.1  5 

2.33 

2.2I4 

.81, 

.82 

.83 

.3.77 

.75 

3 

mm 

2.5 

2.).jh 

2.)40 

2.h2 

.72 

.65 

.69 

6.28 

.75 

1. 

n 

3 

2.02 

1.96 

1.99 

.68 

.76 

.72 

6.28 

.  3'J 

7 

7 

7 

1 .93 

2.03 

1.98 

.80 

.71, 

.77 

d3 
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MEAN  ABSOLUTE  ERROR  DISTRIBUTIONS  FOR  BOTH  PILOTS 
SHORT  PERIOD  CONFIGURATIONS 


Atifllii  J'  L'l  of  :i  liasic  .lif fo;''  rR’-.  i,  ii.o  Ji-:  li,'  'iTor  fn - 

quoncy  d iptrlbufioii  .for  all  con (.m;’ ,  f^liowii  hi  Wiau'c  M.  I’llof  dllToi- 
(iiccE  such  as  these  arc  not,  at.vp1c;;l  (Kercrencf'  '.!)  alttiourh  tln.-y  ao  poh't  uj- 
the  ciesirab'U.l.ty  of  uslrif  only  twc-i’i]oi  avi  rafcs  to  obtain  the  most  sliviifi" 
c.'uit  and  nicanlni' fiil  results. 

The  avcract.vl  iiescr1.biri('  functions  and  linear  ccria.'lations  (p)  arc  pre¬ 
sented  in  I'lLituros  9“‘n>  arr.'jji):ed  iji  prouiis  aoconlinr  to  both  ojrinion  and 
dcBcribinc  function  fonn.  The  sljTil.ficancc  of  these  (h’oupinf.s  will  be  cxplainoo 
in  a  later  section.  Addinr  these  data  pohits  to  controlled  element  Boue  |l.ots 
for  the  corresponding  confif^iratlons  f'Jvos  system  ojien  loop  (Yplc)  Bodes  in  the 
frequency  band  bf'tween  0.9  and  li.O  radians/socond .  Table  TV  siimmari’/es  open 
loop  system  data  obtained  from  sucii  plots  (which  are  not  presented). 


TAB1.E  IV 

TWO-PlLOT-AVWt/iGEl)  HIEQUIUCY  HKSP0NSF,  DATA 


Configuration 

Pilot  Gain,  K,"' 

fit.*.) 

0  db  Crossover 
Erequency 

(Rad/Sec) 

Phase  Marf^in 

(Uop;) 

Gain  Margin 
(db) 

a>n 

(db) 

(Lb/ilad) 

.63 

.35 

-21 

76 

.99 

50 

12 

.63 

.75 

-16 

135 

.67 

65 

1.5 

1.9^7 

.2 

-20 

86 

.53 

7h 

3 

1.9'7 

.35 

-17 

120 

2.1 

65 

5 

1.97 

.75 

-10.5 

25h 

1.9 

12 

1 

1.57 

1.0 

-7 

380 

1.3 

26 

7 

2.51 

.2 

-16 

135 

.77 

98 

.  . 

0 

2.51 

.5 

-16 

135 

1.05 

100 

1* 

2.51 

1.0 

-10 

269 

1.1* 

71 

111 

3.77 

n 

-11* 

170 

1.2 

80 

1 

3.77 

.75 

-12 

215 

1.7 

80 

10 

6.28 

.75 

-8 

339 

1.2 

100 

1 

6.28 

.35 

-llj 

170 

1.25 

83 

1 

’’Note  that  pilot  nain, 
The  conversion  factor 
1  h  Ib/ln  for  the  H.^ll 


K[,,  may  be  fplven  in  units  of  Ib/va'i  or  iji/dop. 
is  tin:  aircraft's  st.ick  re.arinp  constant., 
exjKM’imt-n  ts. 
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Ar  U)  l.lf  Viibi  I'j  ol’  l.lit,  ,':-'  'u;  ''X'UN  IjuM  mi  r^vcnlf-j, 

■'ll,  bin-  oubi'.i'b,  bliab  tlicy  ina.y  be  divi'iei  'Jjibo  two  inu bu'-dly  I'rcluaivi'  Tlu  ai, 

:icb.‘:  ui'i’  :i  rbii’.i  by  bin'  relative  valuer,  ol’  the  erossover  J’j'equeiicy,  uiul  tlie 
J'lU'eiiij'  i’unebioii  oubelT  frequency,  .‘uni  ttie  two  cebs  ou,rre;;j)oiul  bo  coirli- 

b1ot,.s  where  eil.thor  w,- <C  Oqq  or  '‘y,  >  Mqo*'”' 

KTien  Ip  losa  ttrui  aico*  poor  cloaeU  loop  jjerformtuicu  ami  poor  opinion 
rabliif’  are  bo  be  expected,  Tlit'so  expectations  are  corToborabeil  by  the  error  and 
opinion  -..iata  of  Table  III.  As  will  be  (iiscussed  latei',  ojiinion  factors  other 
bh.an  closed  loop  performance  may  ;1Lbo  be  sii'nificant  in  tlio  ratinf's  for  this 
pet,  but  thesi?  will  not  alter  the  fact  tiiat  the  coq  <a)co  condition  is  invari¬ 
ably  comiocted  witli  poor  oi)inion  fuid  poor  closed  loop  performance. 

For  the  second  data  set,  the  f;ain  crossover  frequency,  mq,  is  always 
nreater  than  The  actual  crossover  frequencies  for  these  configurations 

are  confined  to  the  band  between  1,0i>  and  2,'\  i-adlfins/aocond.  The  mean  value 
of  coq  is  ^  .U'^  radlans/sccond  with  a  standard  deviation  of  0,3)i  radlans/second. 
These  data,  therefore,  form  a  set  in  which  mq  is  roughly  constant  and  larger 
than  the  forcing  function  cutoff  frequency,  Accoi'dlngly,  both  closed  loop 
dynamics  and  systm  i^erformanco  measures  are  expected  to  be  roughly  constant. 

The  mean  absolute  errors  (from  Table  III)  for  this  set,  plotted  versus  opinion 
In  Figure  12,  are  in  ap]iroximate  accord  with  this  anticipation.  Thus,  for  the 
data  in  this  group,  closed  loop  dynamics  shoulri  not  be  more  than  a  minor  factor 
in  the  differences  in  pilot  oiiinion  of  the  vaidous  configurations.  Those  differ¬ 
ences  should  depend  largely  on  objective  factors  associated  with  pilot  dynamic 
characteristics. 

Since  an  approximate  correlation  of  pilot  gain  with  opinion  has  already 
been  discussed,  Kp  is  the  first  pilot  dynamic  characteristic  which  should  be 
considered,  The  data  of  Table  IV,  however.  Indicate  that  Kn  values  for  the  set 
oic  > 'Oco  are  all  confined  to  the  good-acceptable  region  of  Tlgure  7.  The  differ¬ 
ences  In  gain  betv.'eon  configurations  in  this  set  should  then  have  only  a  small, 
easily  corrected  Influence  on  pilot  opinion  differences,'*'^ 

With  both  closed  loop  dynamics  and  performance,  and  pilot  gain,  elimi¬ 
nated  as  major  opinion  factors  for  this  set,  the  large  opinion  differences  must 
be  predominantly  dependent  upon  the  f)llot’s  equalizing  characteristics.  FVom 
the  data  of  PM-gures  9-11,  these  characteristics  appear  to  Involve  the  genera¬ 
tion  of  high  frequency  lead.  Thus,  at  long  last,  the  data  have  been  grouped 
ajv.i  categorized  to  a  point  where  the  effects  of  pilot  lead  on  opinion  can  be 
treated  as  a  separate  factor. 

Various  attemiits  have  been  made  to  correlate  the  lead  equalization 
factor  with  opinion,  moat  with  only  indifferent  success.  The  most  suitable 
measure  found  involves  the  parameter  (Tl  dA/dp,),  where  1/Tl  cori’osponds  to  the 
apparent  load  break  frequency  and  dA/iip  is  the  slope  of  the  high  frequency 
amjilitude  ratio,  djl  |/d  log  «,  in  db/decade.  It  was  necessary  to  use  am;  xxtude 
uata  only  since  the  phase  data  are  very  badly  scattered  and  contaminated  with 
i^ilot  reaction-time  delay  effect,  IJcsplto  the  scatter  of  the  basie  eata  and  the 


■^'Recall  that  "1.0  rad/soc  in  these  exporlments. 

F’li'uro  13,  |-'oints  co”rcott;d  via  Table  IV  and  7  are  shown  flagged. 
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LINEAR  CORRELATION  COEFFICIENTS  FOR 
"POOR”  SHORT  PERIODS 
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FIGURE  II 

AVERAGE  PILOT  DESCRIBING  FUNCTIONS  8  LINEAR 
CORRELATION  COEFFICIENTS  FOR  "UNACCEPTABLE”  SHORT  PERIODS 
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PILOT  RATING 

FIGURE  12 

VARIATION  OF  MEAN  ERROR  WITH  PILOT  OPINION  RATING 
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'liiTloulty  of  Hccurately  i>'b(.‘nr liiliit'  rn'quyiicy,  a  ;  lot  ol'  tliis  Junc¬ 

tion,  (Tj,  ^iA/liil),  vt-TsuE  oi  Inioii  raHiij’  r.xiiJbltE  a  rcasonabli.;  trcru  (Kifure  I'j). 

It  can  bo  seen  that  tho  best  oi  jjiion  ncourc  when  tin.'  [lilot  oqualiiaation 
approaches  a  jjure  (ijaJji  fonn,  and  that  oi  Ijiian  degrades  as  tho  li  aiJ  break  fre¬ 
quency  decreases  (Tj,  increases)  atid/or  Wjo  ;unj)litudo  slope  increases.  This 
b1o{)c  may  be  considered  a  measure  of  the  sepai’ation  between  the  lead  aj;d  the 
unintentional  (e.g.,  neuromuscular)  lag  brealc-frequencies.  It  also  takes  into 
account  the  occasional  presence  of  Jiigher  order  leads. 

It  should  bo  noted  that  the  oases  corrcspondSxjg  to  Mq  < 'Oqq  are  included 
in  Figure  13  (pilot  rating  ■  10)  and,  in  general,  follow  the  ■'■rend  established 
by  all  the  other  (uq  ■  constant)  cases.  It  is  difficult,  therefore,  to  say 
whether  tho  unacceptable  opinion  attached  to  tho  <a)oQ  cases  is  due  to  tlio 
poor  closed  loop  system  porfonnanoo,  as  originally  postulated,  or  to  the  high 
degree  of  pilot  lead  adopted,  Eithor  reason  appcsars  sufficient  by  itself  to 
account  for  tho  obsoi’ved  opinion  rating.  In  addition  tho  situation  appears 
somewhat  further  confused  when  nonlinear  pilot  behavior  is  considered,  as  out¬ 
lined  below. 

The  Hall  data  show  that,  as  pilot  load  increases,  the  pilot  tends  to 
operate  in  an  increasingly  nonlinear  manner.  Some  Indication  of  the  degree  of 
nonlinearity  is  Indicated  by  the  remnant  spectrum  and  the  correlation  coeffici¬ 
ent,  Witli  only  one  system  input  and  no  Internally  generated  noise,  large  remnant 
power  and  low  con’elation  coefficient  would  imply  a  high  degree  of  pilot  non¬ 
linearity,  Another  indication  is  the  pilot  output  distribution,  which,  for  a 
linear  system  with  a  Gaussian  input,  should  also  be  Gaussian,  Several  histo¬ 
grams,  each  representing  the  pilot  output  distribution  for  one  of  the  several 
runs  taken  for  a  given  configuration,  are  shown  in  Figure  11;,  Two  histograms 
are  presented  for  each  configuration  to  demonstrate  the  variability  of  the 
pilots.  In  Figure  Il;(a)  the  distributions  are  similar  to  that  for  a  square  wave, 
indicating  highly  nonlinear  behavior.  These  distributions  are  consistent  with 
the  assertion  that  the  pilot  tends  to  operate  as  a  relay  controller  in  this  low 
opinion  case.  Figure  Il;(b),  a  better-opinion  configuration,  represents  a  tran¬ 
sition  phase  between  highly  nonlinear  and  linear  operation.  Figure  11;(o)  shows 
a  quasl-Gausslan  distribution  indicating  a  relatively  high  degree  of  linearity 
al'^ough  the  configuration  has  an  unacceptable  opinion  rating.  Figure  1i;(d), 
for  the  highest  rated  configuration,  also  shows  quasi-Oausslan  distributions. 

Here  the  pilot  was  operating  as  a  nearly  pure  gain  controller,  although  the 
distributions  are  not  purely  Gaussian, 

In  general  it  appears  that  nonlinear  operation  is  associated  with  low 
opinion,  although  the  converse  is  not  true.  The  fact  that  low  opinion  is  also 
associated  with  strenuous  lead  generating  efforts  on  the  pilot  is  part  raises 
some  doubt  as  to  the  really  basic  opinion  factor.  In  a  practical  sense,  how¬ 
ever,  such  doubts  do  not  seriously  detract  fi’om  the  effloaoy  of  the  analysis 
approach  used  here.  Consider,  for  example,  that  a  given  system  has  been  analyzed 
on  a  linear  basis  and  shown  to  require  the  adoption  of  appreciable  (possibly 
second  order)  pilot  leadj  then,  according  to  figui’e  13,  the  pilot  will  be  extremely 
dissatisfied  with  the  configuration,  Tho  basic  source  of  this  dissatisfaction 
could  be  the  appreciable  lead  required,  or  it  could  possibly  be  because 

1,  The  pilot,  besides  adopting  load,  also  becomes  nonlinear 
and  therefore  works  much  harder  than  indicated  by  the 
linear  analysis.  This  "works  harder"  comment  reflects 
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til',.'  fact  iliat  ilK’  available  data  ijuilcatc  .’ui  Incroace  in 
averai,'*;  ^itick  forces  as  tin?  pilot  becomes  more  nonlinear. 

In  spiti’  of  Ilia  efforta,  is  lose  tlian  cog^j,  bo  poor 
closed  loo])  perfoiTnonce  colors  the  pilot's  opinion, 

Rcgai'dless  of  which  effect  or  combination  of  effeots  predominates  in 
influcncinR  pilot  opinion,  the  linear  analysis  will  nevertheless  serve  as  a 
basis  for  estimating  tho  pilot's  level  of  dissatisfaction.  It  should  be  oare- 
llilly  noted  that  this  statement  relies  for  its  validity  on  the  observation, 
bused  upon  all  available  data,  that  nonlinear  operation  or  attempts  to  force 
wq  >  cOco  always  involve  extreme  equalizing  efforts  on  the  part  of  the  pilot. 

3t  Effect  of  Pilot  Lag  on  Opinion 

The  effect  of  pilot  lag  on  opinion  oan  be  illustrated  by  considering 
the  Hall  data  for  Ic  ■  Kq  and  Tq  ■  Kq/s,  For  these  controlled  elements,  two- 
pllot-averaged  describing  functions,  with  Kq  ■  J!,  are  shown  in  Figure  15,  The 
open  loop  TpTo  desorlblng  function  plots,  particularly  the  more  reliable  ampli¬ 
tude  ratio  ir‘Ointe,  are  nearly  identical  for  the  two  configurations.  However, 
the  lag  charaoterlatlc  for  the  Iq  ■  Kq  o on  figuration  is  pilot  induced,  whereas 
that  for  Iq  “  Kq/s  1b  due  to  the  oontrolled  element.  Thus,  the  pilot  oharao- 
terlstlo  changes  from  the  fom  Ip  ■  Kpe“^®/(TiB  +  1 )  to  Ip  ■  Kpe"^B.  The  aver¬ 
aged  opinion  for  the  former  is  rated  at  6.0  while  the  latter  is  rated  at  3«0. 

The  major  portion,  if  not  all,  of  this  opinion  difference  must  be  oonsldered  to 
be  the  result  of  the  pilot-adopted  lag  since  all  other  opinion  factors  are 
about  the  same  for  the  two  caeee. 

Other  existing  data,  although  insufflolent  for  oomplete  verifloatlon, 
indicate  that  pilot-induced  lag  effeots  may  be  olasslfied  in  a  manner  Identical 
to  the  lead  effects.  That  is,  opinion  is  degraded  as  the  lag  break  frequency 
is  reduced  and/or  the  accompanying  change  in  slope  is  increased. 

D.  ADDITIONAL  CLOSED  LOOP  INFLUENCES  UPON  PILOT  OPINION  AND  ADAPTATION 

Having  established  the  general  dependence  of  opinion  on  pilot  dynamic  param¬ 
eters  for  essentially  constant  closed  loop  dynamlos  and  performance,  it  is  now 
pertinent  t,n  examine  the  closed  loop  implloatlons  of  the  data.  The  first 
approximate  measure  of  closed  loop  dynamics,  the  crossover  frequency,  had  already 
been  extensively  dlsouesed  in  the  previous  sections  of  this  ohi^ter.  The  net 
concluelon  of  this  discus  slon  was  that  configurations  Involving  eoo<cogQ  were 
alwaye  associated  with  poor  opinion,  but  whether  the  oondltlon  coo<cogQ  was,  of 
Itself,  the  baslo  oauee  for  poor  opinion  could  not  be  definitely  established. 
Also,  conditions  involving  Ug  >  Ugg  were  shown  to  have  roughly  constant  closed 
loop  dynamics,  and  observed  opinion  variations  were  then  attributed  to  other 
factors.  Consequently  the  status  of  Ug  relative  to  pilot  opinion  appears  to  be 
auoh  that  ug  >  coqq  1b  a  neoesBary,  but  not  sufficient,  oondltlon  for  the  exist¬ 
ence  of  good  opinion  and  cog<c>>QQ  is  a  sufficient,  but  not  necessary,  condition 
for  poor  opinion. 

Another  closed  loop  dynamics  factor  suggested  previously  is  the  damping 
ratio  of  the  second  order  mode  for  closed  loops  whose  minimal  dynamic  desorlp- 
tlon  demands  a  third  order  system.  Consideration  of  this  factor  is  the  princi¬ 
pal  topic  of  this  section,  and  such  consideration  will  take  the  fonn  of  an 
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(a)  OUTPUT  DISTRIBUTIONS  FOR  Wn«0.63,C«0.35 


0  I" 

wh««l  travel 


(b)  OUTPUT  DISTRIBUTIONS  FOR  wn“  1.57,  C«0.35 


(c)  OUTPUT  DISTRIBUTIONS  FOR  Wn«  2.5I,C«0.2 


(d)  OUTPUT  DISTRIBUTIONS  FOR  Wn«2.5l,C«  1.0 


FIGURE  14 

PILOT  OUTPUT  DISTRIBUTIONS  FOR  SELECTED 
SHORT  PERIOD  CONFIGURATIONS 
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cxainliutbion  basicnllj"  directed,  uk  notud  iii  the  jjiti'odeotioii  to  tliin  chajiter,  at 
detonninlnf'  the  closed  loop  characteristics  considorod  desirable  by  the  pilot. 

As  a  first  stej)  in  the  study,  consider  that  the  pilot's  equtdlzin['  charac¬ 
teristics  are  nllj  that  is  [see  Eq.  (1)], 


(6) 


In  the  low  frequency  regions  of  interest  the  neuromuscular  lag  time  constant, 
Tfi,  caii  be  eliminated  by  chsuiglng  ar  to  an  "effective)"  value  (Reference  2)  which 
is  typically,  and  consistent  with  the  Plall  describing  .function  data,  about  0,2, 
Thus, 


Kpo 


-0.2s 


Kp 


C-o.ig  ^ 

(0,1s  +  1  ) 


(7) 


and  the  complete  open 


loop  transfer  function  may  be  written  ^see 


Eq.  (5)] 


Vc 


-IpKp 


(O.ls  -  lK0.6e  -t-  1) 


e(0.1s  +  1)  |j(~)  +  2(;;^)e  +  lj 


(8) 


The  root  locus  plot  for  the  open  loop  transfer  function  of  Eq,  (8),  with 
unity  feedback  as  in  the  block  diagram  of  Figure  2,  is  shown  in  Figure  16  for 
'-^n  ■  3.77i  K  ■  0.7i>.  Because  of  the  negative  sign  of  the  effective  open  loop 
gain,  the  locus  is  defined  by  the  zero-degree  rather  than  the  customary  1 8> 
deg.ree  criterion.  Increasing  pilot  gain,  Kp,  drives  the  closed  loop  poles  along 
the  locus  in  the  direction  of  the  arrowheads]  at  zero  gain  the  poles  are  those 
of  the  open  loop  (symbol  X)  and  at  infinite  gain  they  correspond  to  the  open 
loop  zeros  (symbol  0),  The  closed  loop  poles  for  the  pilot  gain  actually 
measured  in  this  particular  case  (see  Table  IV)  are  indicated  by  the  symbol  I, 

Similar  root  loci,  again  with  no  pilot  equalization,  have  been  constructed 
for  all  of  the  Hall  airframe  configurations  in  Table  III,  The  important  features 
of  those  loci  are  shown  in  Figures  17  and  18,  In  these  figures  only  the  Inoorn- 
pleto  locus  emanating  from  one  short  period  pole  is  drawn,  the  remaining  portions 
of  the  locus,  and  ohe  additional  poles,  zeros,  high  gain  behavior,  etc,,  being 


*Note  that  ^  ^  .  For  ■ 

(e""/2)  (1  ^  f ) 

tloii  to  involves  {ihase  errors  of  lose  than 

h  rad/aoc. 


0,20,  this  load-lag  ujjprcxlma- 


3  dogrooa  for  frequencies  up  to 


3lt 
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FIGURE  15 

PESCribing_  FUMCTiONs  for  hall  configurations 

Kc  a  Kc/»  WITH  ~Kc«5 
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quito  tilmilai’  or  idcintical  to  tiiose  shown  in  Figure  16.  The  valueu  of  Kj) 
(Ib/rad)  corresponding  to  oero  damping  (neutral  stability)  of  the  closed  loop, 
short  period  mode  are  indicated  near  the  imaginary  axis.  These  can  bo  compared 
with  the  values  of  Kp  actually  adopted  (on  the  average)  by  the  pilot,  as  given 
in  Table  17,  Such  a  comparison,  given  in  Table  V,  for  configuration  groupings 
corresponding  to  those  of  Figures  9-11  shows  tliat  a  gain  ratio  based  on  the 
simple  Tp  form  assiuned  cannot  account  for  the  large  differences  in  observed 
opinion.  In  fact,  certain  of  the  configurations  classified  as  "unacceptable" 
appear  to  have  gain  ratios  comparable  to  those  in  the  "acceptable"  category. 


TABLE  V 


APPARENT  QAIN  MARGINS  PDR  UNEQUALIZED  PILOT  MODEL,  Tp  -  Kpe"“* 


ConflRuratlon 

Reference 

Figure 

Opinion 

■sszssnHi 

Gain  Ratio 
(db) 

Aotual^^^ 

1.57 

.75 

9(a) 

Good 

251; 

51;0 

6.5 

2.51 

1.0 

9(a) 

Good 

269 

780 

9.2 

3.77 

.75 

9(a) 

Good 

215 

5140 

a.o 

1.57 

1.0 

9(b) 

Acceptable 

380 

900 

7.5 

2.51 

.5 

9(b) 

Acceptable 

135 

3l;0 

8.0 

6.28 

.75 

9(b) 

Acceptable 

339 

1;30 

2.0 

3.77 

.2 

10 

Poor 

170 

130 

-2.3 

6.28 

.35 

10 

Poor 

170 

205 

1.6 

1.57 

.2 

11 

Unacceptable 

86 

110 

2.2 

1.57 

.35 

11 

Unacceptable 

120 

215 

5.1 

2.51 

.2 

11 

Unacceptable 

135 

-1.8 

0.63 

.35 

11 

Unacceptable 

76 

90 

1.5 

0.63 

.75 

11 

Ihiac  cep  table 

135 

230 

mm 

(1 )  From  Table  IV. 

(2)  Prom  Figures  17  and  18, 

Consider  now  the  apparent  equalizations  adopted  by  the  pilot  as  revealed  by 
the  describing  l\inotlon  data  of  Figures  9-11.  The  "good"  configurations  Q Fig¬ 
ure  9  (a)]  require  little,  If  any,  equalization.  For  these  oaeee  the  gain  ratios 
of  Table  V  will  approximate  gain  margins,  and  the  stability  margins  Indicated  on 
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=  -^•I5ib/in*573-  215  ib/rad 

FIGURE  16 

(s-IO)  42.6(8+1.67) 

ROOT  LOCUS  PLOT  FOR  Yplfc;  VSkThO)  ■^«%[,»^2(.7S)3.77s4.  3.77«] 
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FIGURE  18 


HALL  "POOR"  a  "UNACCEPTABLE"  CONFIGURATIONS 
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this  basis  arc  i'ajr.i;y'  Jarcr,  Mi'o,  tf.c  fh;''ri  :  Jo.  ■  i.'un'  ij'.r  ratios,  ar  jjii'  . 
by  ijiU'rf'olation  on  tlr*  looJ-  of  Fltnif"  ly,  an  lativcjy  hii;),.  Tli"  "acoi’i't- 
ablo"  confif^irations  of  Fi(;\ir'''  ")(b)  Or  finitcO.y  rrquiro  sotho  pilot  oqu.'iJ.:l  r.ati.  :.n 

to  avoid  a  niargijially  stablo  connition  (galji  inargiji  <6  ob)  .'ui  i/or  ijti.nrovo 
closed  loop  dampijig.  Tho  rettiajjiing  "j^oor"  ari'.i  "utiaocoptablo"  oonfi.Kurati.oiis.  of 
Figures  10  :ind  11  are  all  marginally  stable  without  load  equalisation  and 
apparently  requii’e  progressively  increasing  oquallziriK  efforts  by  tlie  pilot. 

The  foregoing  observations  are  suiranari'/ed.  in  P'l.f^ro  19)  an  s-plane  representa¬ 
tion  which  lndicat(33  tJie  oqualiaati<3n  form  adopted  by  the  pilot  in  vari.ous 
regions  occupied  by  the  complex  short  perioti  roots.  The  short  periou  root  points 
in  this  figure  are  coded  to  corresfiond  to  the  pilot  describing  function  equal¬ 
ization  chaructoristlcs  of  Figures  9"11 >  and  tho  shaded  boundaries  define  rough 
areas  of  approximately  similar  equalization  form  as  indicated.  Figure  20  ]iro- 
sents  two  typical  examples  of  how  member  sets  on  this  plot  fit  the  actual  oata. 
Figure  20(a)  is  a  no- equalization  pilot  fitted  to  configuivatlon  2. ^'1-1.0,  the 
highest  rated  airframe,  and  Fif^re  20(b)  is  a  lead-lag  fit  to  confif;airatlon 
.63-.  ji),  the  lowest  rated  of  the  H.'ill  short  i)oriod  airframes.  These  curve  fits, 
of  course,  are  only  intended  to  lend  some  0 redone e  to  the  rough  curve  fits  used 
to  constimet  the  regions  shown  in  Figure  I9.  The  detailed  reasons  for  such 
adaptation,  however,  remain  to  be  clarified. 

It  may  be  seen  from  figure  19  that  the  boundary  between  thrj  lag- load  and  the 
lead- lag  regions  is  actually  a  region  whore  no  equalization  is  adopted.  Since 
such  a  form  represents  minimal  activity  on  his  part,  it  can  be  argued  that  along 
this  boundary  the  pilot  must  be  reasonably  happy  with  the  closed  loop  system 
character! Stic sj  were  he  not,  he  would  certainly  have  adopted  some  equalization 
in  an  attempt  to  improve  them,  flirthermore,  the  two  data  points  that  fall  on 
this  boundary  (2.1j1-1.0  and  3.77“.7i?)  both  represent  good-opinion  configurations 
(see  Table  III)  which  can  bo  associated  directly  with  pilot  gain  values.  These 
factors  reinforce  the  notion  that  the  pilot  is  satisfied  with  the  closed  loop 
characteristics.  Examining,  now,  these  characteristics  for  the  actual  pilot  gains 
observed.  Figure  21  shows  the  low  frequency,  closed  loop  pole-zero  locations  in 
the  upper  e-plane  (see  Figure  16  for  the  complete  set  for  configuration  3,77-t7i;). 
It  can  be  eeen  that  the  closed  loop  denominator  time  constant  in  both  cases  is 
very  nearly  the  same  as  the  numerator  time  constant.  Under  these  cii’cumetancee 
these  terns  tend  to  cancel  each  other,  and  the  dominant  closed  loop  mode  is  the 
second  order  with  undamped  natural  frequency  and  damping  ratio  ranging  from 
about  2  to  U  and  about  0.3i?  to  O.JjO,  respectively.  It  is  of  interest  to  note 
that  the  best  possible  eeoond  order  system  from  the  standpoint  of  minimizing  the 
rms  error  to  a  "white  noiee”  input  ie  one  with  a  damping  ratio  ranging  from 
about  O.U  to  0.7  (the  rms  error  variation  is  very  snail  throughout  this  region). 

It  appears  that  the  pilot,  in  actively  attempting  to  minimize  the  error  presented 
to  him,  ie  adopting  approximately  the  theoretically  "correct"  equalization  in 
this  particular  case.  On  the  basis  of  this  one  example,  it  might  be  hypothesized 
that  the  pilot  tries  to  force  the  cloetd  loop  into  a  particular  region  w.hich 
happens  to  be  coneletent  with  the  servo  criterion  for  minimizing  the  rms  error. 

To  examine  this  hypothesis  further,  the  effect  of  the  pilot-adopted  transfer 
form  on  the  cS.oeed  loop  system  was  detemlncd  for  all  the  test  conflgu  rati  one. 

In  each  case  the  loop  was  oloeed  with  the  apparent  pilot  gain  listed  in  Table  IV, 
and  an  analytical  approximation  to  the  equalization  consistent  with  the  describ¬ 
ing  function  data.  The  aesumed  pilot  equalizations  used  cannot  be  considered 
data  .fits  in  the  sense  of  those  of  Reference  2,  but  are  adequate  representations 
of  the  adopted  form.  Rather  than  present  all  of  these  analyses,  many  of  which 
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FIGURE  20 

EXAMPLES  OF  ANALYTIC  FITS  TO  HALL  SHORT-PERIOD  DATA 
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shew  elniil.'if  tronuH,  i'ive  re};i'i'P<'uUitiv<’  coiiTipJ  ru Lions  liavo  b'M'n  stiiucLuu  loi' 
tho  discussion  which  followii. 

IVo  root  loci  for  each  of  the  five  cases  are  ('iven  In  Kipire  22,  one  for 
the  approxiinate  eqiiallzation  actually  adopted  by  the  pilot  and  the  other  for  no 
eqiializatlon.  The  latter  is  presented  to  serve  as  a  j)OBsibl(i  comfiarisou  with 
tho  former.  Again,  as  in  such  preceding  plots,  only  the  upper  s-plfuie  is  pre¬ 
sented  and  in  most  cases  the  high  fi*oquency  behavior  la  not  shown,  reference  to 
Figure  16  for  tho  remaining  portions  of  the  loci  being  inferred.  In  all  cases 
the  closed  loop  poles  for  the  actual  gains  omployod  are  denoted  by  the  closed 
square  (■)  symbol.  Also  shown  (Hgui’e  23)  are  asymptotic  amplitude  Bodes  for 
the  closed  loops.  Pertinent  comments  for  each  configuration  are  prosontod  below. 

Configuration  6.28-.7‘!;.  Figure  22(a)  — —  In  both  cases  shown  the  closed  loop 
aero  (symbol  (S) ,  since  open  loop  and  closed  loop  zeros  are  Identical)  is  approx¬ 
imately  canceled  by  the  first  order  closed  loop  pole.  The  closed  loop  system  is 
thus  predominantly  second  order,  the  effect  of  the  lag  insertion  being  to  reduce 
frequency  and  increase  damping  (the  heavily  damped  high  frequency  mode  at  oo  ■  9 
is  outside  the  frequency  range  of  interest). 

Configuration  1.57-1.0.  Figure  22(b)  — -  Again  the  first  orders  nearly 
cancel  in  both  cases  and  the  second  order  damping  is  improved  with  equalization, 
with,  however,  an  accompanying  increase  lii  frequency. 

Configuration  3. 77-. 2.  Figure  22(c)  — -  The  fi.rst  order  cancellation s  noted 
In  the  preceding  cases  are  not  apparent  here  and  the  closed  loop  is  higher  than 
second  order.  However,  the  lag-lead  equalization  does  Improve  the  damping  and 
reduce  the  frequency  of  the  second  order  short  period  mode.  The  pass  band  char¬ 
acteristics  are  also  Improved  (see  Figure  23)  in  that  the  first  break  point  is 
increased  in  frequency.  A  double  lag  would  result  in  a  better  system,  but  there 
is  little  evidence  that  a  human  pilot  would  adopt  this  fonn  except  in  most 
unusual  circumstances. 

Configuration  .63-. 35.  figure  22(d)  —  Here  again  the  first  order  terms  are 
largely  eeif-oanoellng  ana  toth  systems  are  basically  second  order.  The  effect 
of  lead-lag  equalization  is  to  increase  both  frequency  and  damping. 

Configuration  1.^7-. 3^.  Figure  22(e)  —  In  this  case  the  double  lead  equal- 
izatlon  has  a  strongly  beneficial  effect  on  the  closed  loop  short  period  damping, 
but  it  results  In  conslaerable  low  frequency  "droop"  (see  Figure  23). 

Fbr  all  the  representative  cases  shown,  the  effect  of  the  indicated  pilot 
equalization  is  to  Increase  the  closed  loop  short  period  damping  (over  tho  non- 
equallzed  case).  Pbr  configurations  6. 28-. 7^  and  1.i)7"1*0,  rated  "acceptable" 
or  "good, "  the  resulting  damping  coefficients  are  close  to  being  "optimum"  from 
the  standpoint  of  minimum  rms  error.  Adding  the  closed  loop  poles  of  these 
cases,  including  one  point  for  the  nonequallzod  pilot  of  Figure  22(b)  which  is 
assumed  to  represent  an  "undesirable"  situation  since  the  pilot  actually  adopted 
equalization,  to  those  of  Figure  21  defines  the  "desirable"  and  "optimum"  region 
shown  in  Figure  2U, 
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ROOT  LOCI  FOR  TWO  FORMS  OF  PILOT  EQUALIZATION  a  CLOSED-LOOP 
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J,0NGITU1JJ;NAL  shout  PFIHIOU  IIW^IJLING  QUAJ.ITIKS 


X.  INTRODUCTION 


The  preceding  chapters  present  in  considerable  detail  certain  aspects  of 
observed  pilot  behavior  in  closoa  loop  control  situations.  In  addition  certain 
correlations  between  pilot  opinion  'ind  closed  loop  and/or  pilot  dynamic  charac¬ 
teristics  are  shown.  These  corrola _ Ions,  and  the  pilot  behavior  model,  can  now 
be  applied  to  theoretical  investigations  of  longitudinal  handling  qualities. 
Such  investigations,  while  they  shed  some  additional  light  on  areas  already 
covered  by  handling  quality  tests,  are  especially  illuminating  for  situations 
which  have  not  yet  been  covered  exi^e rimentally.  In  the  former  instances  the 
"findings"  of  the  theory  are  not  nearly  as  complete  with  regard  to  the  delinea¬ 
tion  of  the  fine-grain  pilot-opinion  regions  as  are  the  specific  tests.  This 
is  not  surprising  in  view  of  the  paucity  of  data  which  allow  useful  correlation 
of  pilot  opinion  with  the  ob.jective  opinion  factors  detailed  in  Chapter  IIEj 
nevertheless  the  gross  implications  and  trends  exhibited  by  the  test  data  are 
predicted  by  the  theory.  In  the  latter  instances,  the  theory  serves  to  readily 
identify  areas  of  possible  difficulty  which  have  not  yet  been  subjected  to 
experimental  treatment. 


The  initial  theoretical  examination,  detailed  in  the  section  immediately 
following,  is  directed  at  the  conventional,  damped  second  order,  short  period 
mode.  More  specifically  it  is  directed  at  the  short  period  configurations  in¬ 
vestigated  by  Hall,  In  this  sense  the  Hall  data  are  reused  to  serve  as  a  com¬ 
parison  with  theoretical  conclusions  which  stem  in  part  (as  concerns  criteria, 
otc.)  from  the  same  data.  The  fact  that  the  Hall  opinion  data  differ  somewhat 
from  similar  data  obtained  in  flight  is  investigated  in  the  next  section  and  is 
shown  to  be  consistent  witJi  theoretical  considerations. 


On  the  basis  of  this  demonstrated  usefulness  of  the  servo  approach,  it  is 
then  pertinent  and  permissible  to  apply  it  to  handling  qualities  problems  which 
may  bo  quite  "radical"  and  for  which  little,  if  any,  dynamic  response  or 
handling  qualities  data  exist.  These  problems  include  gross  variations  of  the 
numerator  time  constant  and  the  aperiodic  divergence  resulting  from  negative 
maneuver  margin.  Preliminary  consideration  of  th'  e  more  unusual  aspects  of 
short  period  handling  qualities  is  the  subject  of  the  later  sections. 

B.  THEORETICAL  ASPECTS  OF  CONVENTIONAL  SHORT  PERIOD  OPINION  BOUNDARIES 


The  available  pilot  model  and  associated  opinion  factors,  together  with 
conventional  servoanalysis  techniques,  can  be  used  to  predict  certain  boundaries 
similar  to  those  (found  experimentally)  in  Figure  30#  In  particular,  those 
short  period  characteristics  which  do  not  involve  equalization  efforts  on  the 
part  of  the  pilot  can  be  easily  delineated.  The  general  approach  Involves 
closing  the  loop  with  a  nonoqualized  pilot  describing  function  and  then  check¬ 
ing  the  closed  loop  performance  to  see  if  it  meets  the  criteria  established  in 
Chapters  II  and  III.  The  short  period  characteristics  for  which  those  criteria 
can  just  be  met  form  a  boundary  beyond  which  the  pilot  will  adopt  equalization. 
If  the  controlled  element  gain  has  been  chosen  so  that  the  resulting  pilot  gain 
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is  in  thf'  "j’ooil"  fc.'f’ion  r.p.,  KifniP'  7),  ih^n  Uk?  i  lloi  will  cl'issiiy 

al.l  confif^urations  within  tlic  bouiuiniy  as  "coou.  "  Foj’  points  outsi'.io  the  bound¬ 
ary  tlic  form  and  inapiltudo  of  pilot  equal if’.ation  ri'quiri’d  to  meet  the  rriteria 
f;ivo  a  relative  oiiijiion  f'radation  (i.o.,  tiic  !)ilot  will  prefcj’  a  small 'amount 
of  lap  to  a  lat'f'o  double  load,  etc.). 

The  short  j)oriod  dynamics  selected  for  this  example  are  those  used  by  Hall 
so  tiiat  the  resulting  system-derived  boundaries  can  then  be  checked  by  Hall's 
experimental  points.  Therefore  the  aircraft  short  period  lead  time-constant, 
T02i  is  fixed  at  a  value  of  O.6O  seconds  (representative  of  normal  lif^:  curve 
slopes  similar  to  that  of  the  Navion  aijq)iane  used  by  Hall),  and  the  short 
per'lod  frequency  and  damping  are  varied  over  a  range  covering  most  aircraft  with 
positive  static  margins.  The  pilot  model  is  a  jjure  gain  plus  an  "offecMve" 
reaction  time  delay  (which  includes  neuromuscular  lag),  and  the  open  loop  trans¬ 
fer  function  is  then 


or,  alternatively, 


Yplc 


KpKoe~'^°(0.6s  1) 

^  ^  ®  *  i] 


KpKo(0.6B  +  1)(-  ^  s  +  1) 


(?) 


The  gain  croesovor  criterion  is  a  constant  phase  margin,  (Pm,  and  the  effect  of 
vaitying  its  magnitude  is  considered. 

The  general  procedure  of  these  system  surveys  is  to  vary  the  short  period 
frequency  and  damping  and  see  how  the  closed  loop  roots  are  affected,  Generic 
families  of  Bode  plots  and  root  loci  are  used,  following  the  methods  detailed 
in  Reference  For  the  cases  investigated  here,  the  Y(jco)  and  I(-a)  Bode 
diagrams  give  sufficient  infonnation  so  no  root  locus  plots  are  necessary.  The 
specific  steps  followed  are  outlined  below  and  include  references  to  a  detailed 
example  for  wgp  ■  3.33  radians/second,  ■  0,7,  t;  ■  0,2  seconds,  and  9^  ■  60°, 
These  stops  are  as  follows* 

1.  Construct  the  asymptotic  Bode  plot  for  the  transfor 
functlon(s)  under  consideration.  (Sec  Figure  2’J  for  the 
example , ) 

2.  Locate  the  60-(icgrcn  jihase  margin  open  loop  crossover 
frequency  (Point  ^  on  the  diagra*n).  This  locates  the 
zero-db  gain  crossover  on  the  Y(Jw)  plot  (Point  ©). 

Note  that  the  actual  departure  of  Y(jM)  from  tho  asym{)tote 
must  be  used, 

3.  Construct  the  Y(-a)  plot  in  the  region  near  tho  crossover 
gain,  Tho  intersections  of  the  zoro-db  gain  line  with 
this  "si™a"  Bode  locate  the  closed  looji  real  roots}  I/TcLi 
(Point  (D)  and  1/Tci,2 
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)i.  Locate  tlie  oscillatory  clotioo  looj'  roots,  (Ponjit  ©)• 

In  tills  case  the  proj  erty  that  the  open  .and  closed  looi.i  high 
frequency  asymptotes  are  identical  is  used  to  locate  the 
asymptotic  break  jioint.  Since  botii  closed  loop  real  roots 
are  known,  and  since  the  closed  loop  low  frequency  and  high 
iVequency  asymptotes  are  known,  it  is  possible  to  construct 
the  complete  closed  loop  asymptotic  plot  by  working  from  both 
ends  to  locate  the  unknown  break  jioint  frequency  somewhere  in 
the  middle, 

S,  Calculate  For  this  case,  the  property  that  the  sum  of 

the  denominator  real  jiarts  of  the  closed  loop  roots  is  equal 
to  the  sum  of  the  real  parts  of  the  open  loop  denominator 
roots  (always  true  when  the  denominator  is  two  or  more  orders 
higher  than  the  numerator)  is  used  to  oaLculate 


This  completes  the  system  analysis  for  this  particular  frequency  and  damping 
ratio.  Similar  analyses  must  be  performed  for  other  frequencies  and  other  damp¬ 
ing  ratios  (note  that  the  same  plot  may  be  used  to  vary  the  damping  since  the 
asymptotes  are  not  a  function  of  the  damping  ratio).  The  object  o’f  these 
analyses  is  to  obtain  sufficient  information  about  the  closed  loop  performance 
as  a  function  of  airframe  short  period  characteristics  to  be  able  to  determine 
where  low  frequency  response  and  oscillatory  damping  begin  to  deteriorate, 

As  regards  the  adequacy  of  the  low  frequency  response,  there  are  three 
possible  dynamic  parameters  which  must  bo  checked.  The  first  is  the  crossover 
frequency,  wq,  which,  as  noted  in  Chapter  II,  must  be  greater  than  the  forcing 
function  cutoff  frequency,  Uqq,  The  second  is  the  value  of  the  closed  loop 
time  constant,  TcLi>  which  must  be  sfufflclontly  small  so  that  objectionable  low 
frequency  "droop"  effects  are  not  encountered.  The  third  is  the  value  of  uql 
which,  for  those  oases  where  it  is  lower  than  l/TcLp  becomes  the  "droop- 
producing"  parameter,  Thus,  low  frequency  response  is  considered  marginal  when 

Uq  ■  1.0  radlans/second 

■  0,8  radlans/second 

^'JCL  "  radians/socond 

The  criterion  for  marginal  damping  of  the  closed  loop  second  order  is 
<CL.“  35  ifi  acoordanco  with  the  findings  of  Chapter  III,  These  criceria  lead 

to  the  various  boundaries  shown  in  Pigiiro  26,  Since  aiu'frame  roots  falling  out¬ 
side  of  any  of  those  boundaries  will  require  i)ilot  equalization,  they  can  be 
consolidated,  as  in  figure  27,  into  a  single  boundary.  The  data  points  shown 
in  this  fifjuro  are  the  Hall  simulator  results  and  indicate  both  pilot  opinion 
of  the  conil>;u ration  and  his  adopted  equalization.  These  points  tend  to  verify 
the  prodictod  nonoquallzed  boundary.  This  boundary,  as  drawn,  night  be  con¬ 
sidered  a  sharp  dividing  line  between  good  .and  not  so  good  airframes,  but  two 
possible  inriuoncos  tend  to  blur  this  lino.  The  first  is  tlio  fact  that  the 
line  dons  depend  to  some  extent  on  the  criteria  and  reaction  times  u.sed  to 
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FIGURE  26 

BOUNDARIES  SHOWING  CLOSED  LOOP  CRITERIA 
?  NON-EQUALIZED  PILOT;  T=.2  sec,  60*^.  [ 
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FIGURE  27 

COMPARISON  OF  THEORETICAL  NON- EQUALIZED 
BOUNDARY  WITH  HALL  MEASURED  DATA;  t=. 2 see. ^=60*.  =1.67 


construct  it.  The  socoiii  is  tin.'  tact  that  .'?riall  amouiit.s  oT  ocuall ration  will 
not  bo  of  j.'iii'tlcular  con.'iequcnce  .a.s  coiiC(fnis  the  pilot's  oj  inlon  oL'  the  "('oo-l- 
ness”  of  a  particulai’  ccinfl/'uration,  Ik/th  these  Ijifluonci  s  arc  (Jlscussej  bolow. 

The  effect  of  incroaslTi"  tho  phase  maiv'lii  criterion  fx’om  60  to  80  (Jof-roos, 
for  a  T  ■  0,2  seconds,  is  shown  In  Fipire  28.  While  the  hif'h  fx’equency  portions 
of  the  composite  boundaries  are  not  much  different  (withlxi  1  in'- 20  j)ei’cc'nt) ,  there 
is  a  ma.lor  shift  in  the  low  frequency  boundary  which  amounts  to  about  a  100-i)orcent 
change.  With  reference  to  this  major  effect  it  should  be  noted  that  the  data  of 
Pi.gure  in  show  a  stratification  of  phase  margixi  with  frequency.  TJius,  phase 
margins  lower  than  the  mean  value  of  80  degrees  are  largely  associated  witli  fre¬ 
quencies  less  than  about  2.0  radians/second  and  vice  versa,  Tliis  hnplios  that 
the  low  frequency  shift  of  the  (Pj,j  "  80  degrees  boundary  in  Figure  28  is  unreal¬ 
istically  drastic,  because,  at  least  in  this  region,  the  pilot  seems  disposed 
to  accept  phase  margins  of  about  60  degrees.  Since,  further,  the  effects  of 
phase  margin  on  the  high  frequency  pr  ’tions  of  the  boundary  are  relatively  small, 
the  boundaries  corresponding  to  ■  60  degrees  seen  to  be  a  reasonable  compro¬ 
mise. 


The  effect  of  a  spread  in  a  from  0,2  to  O.ix,  values  covering  the  experi¬ 
mental  extremes,  is  shown  in  Figure  29  for  a  phase  margin  of  60  degrees. 

A.1  though  the  a.ffQctive  value  of  x  deduced  from  the  Hall  simulator  experiments 
is  close  to  0.2,  flight  test  values  (Reference  ix)  are  closer  to  O.ix.  Thus  tho 
general  (for  T02  ■  0.6)  nonequali/ed  boundary  is  bluiTcd  to  this  extent  and 
the  outer  and  inner  edges  of  tho  blurred  region  represent  exiJected  differences 
between  simulator  and  flight  test  results. 

In  practice  the  nonequalized  boundai’ies  should  be  considered  as 
guidelines  to  the  shape  of  tho  "best  airframe"  region  rather  than  as  specific 
dividing  lines  between  regions  of  "good"  and  "acceptable"  configurations. 
Although  the  actual  boundary  is  thus  a  broad  brush  one,  tho  area  enclosed  will 
definitely  bo  Uie  region  of  optimum  flylxig  qualities,  Moving  out  of  this 
region  Involves  vailing  forms  and  degrees  of  pilot  equalization  with  correspond¬ 
ing  degradations  in  opinion.  Soirvo  theory,  in  conjunction  with  the  pilot  model 
and  adjustment  rule^  can  bo  used  to  predict  tho  approximate  required  changes 
in  equalization. 

It  appears,  therefore,  that  closed  looj)  analysis,  assuming  the  simple  pilot 
model  and  criteria  proposed  in  Chapters  II  and  III,  can  serve  to  identify  the 
main  aspects  of  attitude-control  handling  qualities.  This  statement  certainly 
holds  for  airframes  with  conventional  short  period  dynamics  and  nominal  numer¬ 
ator  time  constants  as  "flown"  in  a  fixed-base  simulator.  Whether  or  not  it 
also  applies  to  flight- to st-detoimined  handling  qualities  is  the  question  con- 
sidoreci  in  the  next  section. 
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FIGURE  30 
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C.  COMPARISON  OF  SHOUT  PKRIOD  P]J,OT  0FM;N[0N  UATA  fUOM  I'Ll  GUT  ANI.  SffiULATOR 

Boforc  proccoiiinf  bo  ovaluatc  the  ilifforcncos  :uid  sitnilat'iticrj  botwcrn  llif'Ht 
anil  siimilator  results,  it  is  Imjiortmit  to  note  that  for  both  kirifis  of  tests  con¬ 
sidered  here  a  gain  parameter  was  hold  constant  at  a  "desired"  value  as  selected 
by  the  test  pilots.  Thus  gain,  as  an  opinion  factor,  was  eliminated,  leaving 
only  the  variable  short  period  dynamics  to  cause  changes  in  the  pilots'  ratings. 
Although  the  gain  selected  in  the  fijceci-baso  simulator  was  in  terms  of  attitude 
control  while  that  in  flight  was  in  terms  of  stick  force  per  g,  it  is  shown  in 
the  Appendix  that  these  parameters  differ  only  by  a  constant  multiplier  inde- 
jHvndent  of  flight  condition.  Thus  both  flight  and  simulator  tests  can  be 
considered  to  be  attitude  control  problems  involving  varied  short  period  dynamics 
and  constant  values  of  102  and  Ke^p,  with  K0gp  selected  for  "best"  opinion  results, 

As' regards  opinion  gradations  observed  in  the  various  investigations,  these 
wore  in  all  cases  presented  in  the  form  of  "iso-opinion"  plots  which  are  repro¬ 
duced  in  Figure  30.  The  Hall  data,  Figure  30(a),  represent  an  average  of  the 
two  iso-opinion  plots,  one  for  each  pilot,  presented  in  Reference  3.  fbr  this 
study,  the  controlled  element  was,  as  previously  mentioned,  an  auaalog  computer 
simulation  of  a  variable  stability  Navlon  aircraft  with  two-degree-of- freedom 
longitudinal  cFiaracteristics  and  a  fixed  set  of  nominal  three-degree-of-freedom 
lateral  characteristics.  The  validity  of  the  simulation  in  both  axes  has  been 
verified  by  an  in-flight  study  conducted  with  the  actual  aircraft  (Reference  I4). 
Figure  30(b),  from  Reference  18,  is  for  a  B-26  light  bomber  with  stability  vari¬ 
ations  resulting  from  angle  of  attack  rate  and  displacement  feedback  to  the 
elevator  (equivalent  to  modifications  of  and  Md).  Opinion  was  based  on  trim 
characteristics,  airframe  response  to  step  inputs,  turn  entry,  horizon  tracking, 
ground  target  gunnery  runs,  and  constant-g  pullouts.  Figure  30(d),  from  Refer¬ 
ence  19,  is  for  an  fighter  aircraft  with  short  period  variations  accomplished 

by  Mq  Mid  Ma  variations,  as  above.  Evaluation  maneuvers  were  similar  to  those 
for  the  B-26  study.  Figure  30(c),  from  Reference  20,  is  for  the  same  P-914A  air¬ 
craft  with  some  modifications  to  permit  investigation  of  higher  frequencies. 

The  Iso-oplnion  plots  in  Figure  30,  although  basically  similar  in  shape,  do 
not  have  point-to-point  correspondence  even  though  the  airframe  gain  is  optimum, 
Thiere  are  several  reasons,  from  the  theoretical  standpoint,  why  such  variations 
should  exist.  First  differences  in  pilots,  pilot  indoctrination,  opinion 
scales,  and  assigned  tasks  can  load  to  variability  in  ratings,  even  of  identical 
configurations  (Reference  21).  Also,  differences  in  the  transfer  functions  for 
aircraft  with  the  same  short  period  dynamics  will  lead  directly  to  differences 
in  pilot  adaptation  and  opinion.  The  most  obvious  of  these  is  the  numerator 
time  constant,  T02,  but  other  less  obvious  differences  may  exist  in  the  control 
system  dynamics  (see  Figure  1)  including  nonlinearities  due  to  friction,  etc. 
finally,  there  will  be,  as  noted  in  the  preceding  section,  a  difference  in  the 
jiilot's  effective  reaction-time  delay  when  comparing  simulator  with  flight  test 
results.  Differences  in  motion  stimuli  (References  I4  and  6)  will  also  cause 
dif I'erenr-i. j  of  oiJinion  between  aircraft  and  simulator,  although  these  differ- 
'  n  ■  '  w,l]l  depend  on  the  typo  of  evaluation  task,  the  acceleration  loads 
invi  ,i  '  I,  etc.  As^regards  tho  j^rosent  comparisons,  this  effect  is  considered 
In;',:!  t'/i.l  Tic  ant, 

A  good  cxajnftle  of  differences  occurring  with  essentially  identical  configur¬ 
ations  if!  the  comparison  between  Hguron  30(c)  and  30(d).  Here,  although  the 
airplane  was  opsentially  Identical,  as  wore  the  intended  tasks,  opinion  scales, 
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c;'.c'.,  it  v/as  J’Jowii  I'or  c  acl  ijiv  atii^atiuii  at  a  iil'l'i  iv  i.t,  i’J.irht  coii' :  i  tJ  c-r. . 

.vii.iJ.i'  this  chaiic',  tia  valU','  of  ^’o*’  hho  two  tusi  conaitioiis  (froin  about 

0.6  to  about  0.,h),  tilt!  tnriall  cliJirii''  involve  i  ic  thoorotically  jj-.Einnin con t  as 
ohown  iji  iho  next  soction.  Thus,  both  ocnl’if'urations  wt.To  "sscntial.ly  identi¬ 
cal  ana  the  dif roncicos  in  tbo  iso-opijiion  plots  must  bo  due  to  thiosc  (or  oth'’r) 
souroos  of  variability  noted  above. 

Fven  more  drastic  chan('os  appear  in  the  jilot.s  of  Flf^re  30(b),  Af;ain  the 
possible  difforence  due  to  which  was  about  1,0  in  tliis  case,  is  not  con¬ 
sidered  significant.  Howovor,  it  docs  appear  reasonable  to  suspect  the  jjossiblo 
in.lluencc  of  control  system  dynamics  bocauso  there  are  obvious  difforcncos  in 
such  systems  between  bomber  and  fighter  aircraft.  Unfortunately  these  suspected 
fiifferences  are  not  evaluated  in  either  of  the  referencod  investigations  nor  in 
the  available  literature  on  the  two  aircraft  involved.  Thus,  while  some  Ijnpor- 
tant  portion  of  the  differences between  Figure  30(b)  and  either  of  Figures  30(c) 
or  30(d)  may  be  ascribed  to  the  aforementioned  source  of  variability,  a  signif¬ 
icant  difference  in  the  transfer  function  due  to  control  system  dynamics  must 
also  be  considered  an  important  possibility. 

As  concerns  the  ultimate  comparison  desired  here  that  between  the  simu¬ 
lator  data  of  Figure  30(a)  and  the  flight  data  of  Figures  30(b),  30(c),  and 
30(d)  —  It  is  pertinent,  first  of  all,  to  rule  out  variations  In  T92.  The  com¬ 
plete  spread  of  T92  for  all  four  examples,  from  about  0,5  to  about  1.0,  is,  as 
noted  above,  considered  jiraotlcally  insignificant.  Aside  from  inherent  vari¬ 
abilities  and  some  unknown  variations  in  controlled  element  transfer  function 
due  to  the  control  system,  the  basic  difference  between  simulator  and  flight 
results  will  be  due,  then,  to  differences  in  the  pilot  reaction  time.  v.  As 
note(i  in  the  preceding  section,  this  difference  (higher  t  for  flight)  exercises 
a  direct  effect  on  the  size  of  the  various  opinion  regions.  Thus,  from  a 
theoretical  standpoint  similar  iso-oplnlon  regions  are  expected  to  have  a  smaller 
frequency  range  when  measui’ed  in  flight  than  when  tliey  arc  measured  In  a  fixed- 
base  simulator.  This  very  basic  difference,  which  in  fact  seems  to  be  the  only 
significant  difference  shown,  is  amply  demonstrated  by  the  plots  of  Figure  30. 

Having  thus  shown  the  general  applicability  of  the  theoretical  approach,  it 
is  now  pertinent  to  investigate  its  imj)licatlons  as  regards  short  period  handling 
quality  areas  so  far  not  exf)lorr,>d. 

IJ.  EFF0CTS  OF  NUMERATOR  T111E  CONSTANT 

The  short  puriod  numerator  (or  lead)  time  constant,  Te^,  is  primarily 
dotenninod  by  the  airframe  stability  derivative  Z^,  as  is  shown  in  the  Appendix, 
The  apjjroxlmatc  relationship  given  by  the  cxjirossion 
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shows  that  largo  chiangcs  in  TO2  cari  bo  oxi)i.'ctod  as  filtitude  and  sjjeed  increase, 
and  as  wing  loadings  and  lift  curve  slopes  cliango  witli  vcliicle  design  advances. 
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The  gain,  Ke,  la  not,  however,  that  which  is  of  chief  concern  to  the  pilot  as 
£ui  opinion-generating  factor.  He  is,  as  indicated  previovisly,  primarily  in¬ 
fluenced  by  the  value  of  gain,  Kp,  which  he  must  adopt.  As  will  be  shown  in  the 
system  survey  plots  of  Figures  3',  33,  and  3U,  the  value  of  Kp  is  directly 
associated  with  the  controlled  element  gain  at  co^p,  rather  than  the  value  of  Kq. 
Therefore  the  value  of  the  controlled  element  gain  which  sets  the  pilot  gain  and 
influences  his  opinion  is 
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On  the  basis  of  this  argument  it  appears  that  variations  in  Tq^  will  only 
influence  pilot  opinion  by  thf)  manner  in  which  they  alter  the  system  dynamics. 

Such  influences  can  best  be  demonstrated  by  a  series  of  system  surveys,  similar 
to  those  in  Reference  5,  in  which  the  magnitude  of  the  inverse  lead  time  con¬ 
stant  (relative  to  the  short  period  frequency)  is  varied.  The  most  direct 
approach  to  such  a  demonstration  is  to  take  a  "good"  airframe  and  vary  the  lead 
time  constant  between  maximum  and  minimum  feasible  values  while  maintaining  con¬ 
stant  "good"  short  period  frequency  and  damping.  Proper  loop  closure  end  appli¬ 
cation  of  the  opinion  rules  of  the  previous  sections  can  then  be  used  to  determine 
the  probable  effects  of  the  various  lead  values.  Besides  serving  this  direct 
purpose,  such  surveys  have  additional  significance  in  that  equivalent  airframes 
with  constant  "good"  short  period  frequency  and  damping  values,  but  variable  lead, 
are  becoming  more  common.  This  stems  from  the  fact  that  short  period  damping 
and  frequency  characteristics  are  ordinarily  maintained  constsuit  by  stability 
augmenters  which  involve  the  generation  of  control  moments,  while  augmentation 
of  T92  requires  the  generation  of  lift  forces. 

The  airframe  characteristics  chosen  as  the  basis  for  the  surveys  correspond 
to  the  best  rated  configuration  (2.3’1  “  1.0)  of  the  Hall  study.  The  use  of  this 
configuration  is  advantageous  since  the  required  (and  observed)  pilot  equaliza¬ 
tion  is  nearly  zero.  A  generic  plot  of  this  system,  using  a  pure  gain  with  a 
0,2-second  time  delay  for  the  pilot  model  and  a  60-degree  phase  margin  as  the 
loop  closure  criterion,  is  shown  in  Figure  31 .  The  required  pilot  gain,  Kp,  is 
0,266  inches  per  degree  of  stick  motion  (-11. db)  which  corresponds  quite 
closely  to  the  experimentally  observed  value  of  0.316  (-10  db).  Neglecting  the 
high  frequency  pole-zero  pair  cori’espondinf;  to  the  reaction- time  delay,  the  closed 
loop  transfer  function  is 
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FIGURE  32 

LOCUS  SHAPES  FOR  VARYING  T,,HALL  CONFIGURATION 
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As  indicatoii  in  Cha])tcr  Ill,  this  ir  clone  to  jui  ojjtimum  closnu  looj;  systum. 

Effects  of  lead  time-constant  variation  on  tJiic  nystum  may  be  seen  in  FiE“ 
ure  32  which  shows  tho  modification  of  the  s-iilanc  root  locus  nhajx;  as  T02  is 
varied.  It  will  be  noted  tfiat,  as  T02  decreases,  boUi  the  closed  looj)  lafr 
tijne  constant  and  tho  short  period  undamped  natural  frequency  decrease,  and  the 
converse  is  true  as  T92  is  increased.  These  are  directions  of  opjiosinf'  desir¬ 
ability  for  this  case,  as  will  be  sho'wn  by  detailed  examination  of  both  the 
maximum  and  minimum  values  of  Tq2. 

A  generic  system  survey  plot  for  the  minimum  load  time  constant  case  of 
Figuro  32,  for  a  60-dogreG  phase  margin  loop-closure  criterion,  is  shown  in 
Figure  33.  The  low  frequency  approximation  to  the  closed  loop  transfer  func¬ 
tion  is 


^CL  ■ 


(13) 


Thus,  the  closed  loop  damping  is  near  optimum  as  it  was  for  tho  nominal  case  and 
offers  no  basis  for  a  revised  opinion.  However,  the  low  frequency  characteris¬ 
tics  are  dominated  not  by  tho  first  order  time  constant  which  is  quite  small 
(0.286  seconds),  but  by  the  socond  order  frequoncy  which  is  too  low  for  good 
response.  As  a  matter  of  fact,  the  dominant  low  frequoncy  characteristic  is 
now  tho  crossover  frequency  which,  as  may  be  seen  from  Figuro  33»  is  considerably 
less  than  tlie  cutoff  frequoncy,  Wg  ■  1,0  radians/second.  Therefore,  on  the 
basis  of  the  adjustment  rules  and  the  foregoing  observations,  pilot  adaptation 
will  involve  more  than  the  postulated  simple  gain.  To  obtain  the  desired  closed 
loop  dynamics  tho  pilot  will  utilize  a  lead- lag  equalization,  and  his  opinion 
(relative  to  tho  nominal  Tgn  case)  will  bo  degraded  accordingly.  For  example, 
to  make  tho  closed  loop  configuration  exactly  the  same  as  in  tfie  nominal  case, 
the  adapted  load-lag  would  be 


Tl3  ^  1 

Tis  +  1 


(U) 


The  above  degree  of  lead  equalization  results,  per  Figure  13,  in  a  small  opinion 
degradation. 

While  the  foregoing  cxamjile  indicates  that  a  reduction  in  T02  to  a  near- 
minimum  value  is  detrimental  to  pilot  opinion,  this  trend  can  bo  reversed  us 
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1)  r  I’dllow ijif  1-1^1  J'  ;•  iru  npliviLioii  will  CL.MFi'ji  r  11,'  Hull  'Jonrji'uraUcuir 

wiicli  I'c.rult' .i  jti  jilcL  a  i.u!’Laiioii  ol  la^  or  laj'-li'.a'i  rquali zijif  charac Lf-ri g- 
ticG  (  rp  IV  r  to  Fit'uro  1'^).  Ho  iiicljir  tl;'.’  coiitrollci  cloineiit  If-ao  (in  (..ffpct, 
incroasiriL';  tlie  controllru  (.■li'im'iit  laf)  will  nci’vc  to  reduce  the  requirei.!  i  Hut 
generated  laj’.  The  omaiJ  lead  time  constant  is,  ibr  tliis  case,  beneficial  ;ind 
would  result  in  a  higher  j)ilot  opinion.  On  tJie  other  hand,  for  those  nominal 
configurations  requiring  the  adapt.ation  of  lead  or  lead-lag  equalization,  large 
reductions  in  Tqo  will,  by  the  converse  argument,  clemand  increased  pilot  lead, 
again  resulting'  in  a  degraded  f ilot  opinion.  It  appears  then  that  small  lead 
time  constants  can  have  varying  effects,  depending  on  the  airframe  sliort  period 
characteristics  involved. 

While  the  minimum  T92  considered  above  is  hypothetically  achievable  at  very 
low  altitudes,  with  high  lift  curve  slopes,  etc.,  it  is  an  extreme  not  likely 
to  be  often  encountered  in  routine  operations.  On  the  other  hand,  with  modern 
high  altitude  aircraft  it  is  very  likely  that  the  magnitude  of  the  lead  time 
constant  will  be  considerably  larger  than  the  nominal  Hall  value. 

Generic  plots  of  a  system  with  a  near-maximum  value  of  102  are  shown  in 
Figure  3^4.  Using  the  60-degree  phase  margin  closure  criterion  and  a  nonequal- 
Ized  pilot  as  before.  Figure  3^4  shows  the  low  frequency  approximation  to  the 
closed  loop  transfer  function  to  be 


The  closed  loop  lag  time  constant  for  this  case  is  large  (9,18  seconds)  and  the 
resultant  droop  effect  will  seriously  -influence  perfonnance  as  well  as  opinion} 
furthermore,  the  closed  loop  second  order  damping  is  marginal.  Probable  pilot 
corrective  equalization  will  be  a  lag  or  a  lag-lead,  A  generic  plot  of  the 
system  with  the  latter  equalization  fom  is  shown  in  Figure  3i4(b).  The  equal¬ 
ization  values  are  arbitrary  and  were  chosen  to  demonstrate  a  general  effect} 
they  result  in  a  closed  loop  transfer  function  given  by 
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(16) 


It  is  seen,  by  comparing  Eqs,  (15)  and  (16)  and  the  asymptotic  Fig¬ 

ures  314(a)  and  3i4(b),  that  performance  has  boon  considerably  improved  by  the 
assumed  equalization.  In  particular,  the  droo])  has  been  greatly  rouuccd,  and 
the  damping  of  the  second  order  mode  has  been  increased  to  a  more  desirable- 
value.  In  fact,  the  closed  loop  characteristics  arc  now  wiy  similar  to  those 
for  the  nonequalizod  pilot  and  the  nominal  T02  of  Fif^irc  31.  Tills  similarity 
has  been  achieved,  however,  only  by  fairly  stnmuous  lag-load  efforts  on  the 
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t  ;u’t  oJ’  I'llot,  no  hie  o|  inioii  will  h<  com;si)onjij'‘’.l,y  .iei'rauuD  ffoin  tliuL  J’  r 
t.lio  iioin.liial  Tg^  cas*  .  As  oi>j)oni;U  Lo  tin'  small  li’ad  tiuno  constant  wliicli  can  have 
varyini'  elTocts,  the  larf’i'  load  tljTH'  constant  will  always  requij’o  lai:  or  lap- 
lead  equal i’/,ation  as  lionionsti’atou  above. 

These  sui’veys  have  shown  that  thr  effeuts  of  airframe  lead  time  constant  can 
be  important  in  closed  looj)  attitude  control  situations.  In  particular,  large 
VJilues  will  generally  lf;ad  to  degradation  of  ])llot  oj/inion,  whereas  small  values 
can  be  either  beneficial  or  tictrimental.  In  any  event  it  is  advisable  to  assess 
such  effects  for  particular  airframes  by  analyses  similar  to  those  demonstrated 
above. 

As  a  final  note  it  should  be  obsein/-cKi  tliat  the  dynamic  relationship  between 
pitching  velocity  and  normal  acceleration,  approximately  equal  to  Tsgs  +  1  Qsee 
Eq.  (A-8)  in  the  Appendix],  will  change  very  greatly  with  T02.  For  small  lead 
time  constants,  pitching  velocity  find  normal  acceleration  will  be  essentially 
interchangeable  pilot  cues  as  they  are  in  "conventional"  alr’frames.  However, 
for  increasing  time  constants  there  will  be  an  increasing  discrepancy  between 
those  normally  equivalent  quantities.  The  effect  uf  such  a  defjarture  from 
nominal  behavior  on  pilot  opinion  is  difficult  to  assess  although  opinion  will 
almost  certainly  be  degraded  because  of  the  pilot  behavioral  changes  required. 

E.  CONTROL  OF  THE  SHORT  TIME-OONSTANT  DIVERGENCE 

As  noted  in  the  Appendix,  the  airframe  short  period  transfer  'notion  can 
assume  the  form 


-Kc(Te2S  +  1 ) 

"  st-TsiS  +  1)(Ts2S  +  i) 


(17) 


where  the  various  inverse  time  constants  are  given  by 


J _ 1__ 

^82 

1 

T02 


Z^Mq  - 

-Zw  -  Mq  - 
-Zw 


(18) 


The  first  of  Eqs,  (18)  associates  thie  appearance  of  the  first  order  (aperiodic) 
divergence  with  the  condition  of  negative  maneuver  margin.  This  in  turn  usually 
arises  from  jiositive  (mistable)  values  of  since  Zy^Mq  is  ordinarily  positive. 
Additionally,  Eqs,  (18)  show,  within  the  limits  of  their  validity,  that 


-  Mq  - 
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FIGURE  35  LO 

DP  bode  plot  of  a  pilot-controlled 

APERIODICALLY  DIVERGENT  AIRFRAME 


Since  Uii'  sum  o.f  Mq  ami  M<5_  is  usually  neq^ahivr  in  imacilcal  cruses  (It  can  be 
positive  Tor  very  unconventional  conl'iciiratlons) ,  the  above  expression  irKiicatos 
that  1/Ts2  will  alinost  always  be  proater  t.han  the  sum  of  I/TG2  ^  "'Asi* 
relative  values  of  1/Tsi  and  I/T02  cannot  in  pencral  be  ijifcrred,  but  since 
interest  here  is  centered  on  exploring  the  maximirm  value  of  l/T^^  whic}i  can  bn 
controlled  by  a  pilot_,  it  will  be  assumed  that  1 /Ts^  >  1/To2* 

Figure  3!?  shows  a  typical  Y(jw)  Bode  plot  for  the  pilot-airframe  open  loop 
In  whicli  the  pilot  transfer  function  is  taken  as 

Yp  -  Kpe"^®(TLS  +  1) 


This  is  the  simplest  fonn  of  adaptation  the  pilot  can  make  and  still  hope  to 
control  the  system.  The  value  of  1/Tl  Is  set  somewhere  between  I/Tsj  and  1/Ts2 
which,  as  will  be  apparent  later,  is  its  most  effective  location.  Also,  the 
relative  values  of  the  remaining  time  constants  correspond  to  Eq,  (19),  assum¬ 
ing  the  sum  of  Mq  and  M4  to  be  about  equal  to  Zw,  The  complete  Bode  plot  (solid) 
as  well  as  the  asymptotic  approximations  (broken)  to  the  amplitude  and  phase 
are  shown.  The  asymptotic  approximation  to  the  phase  is  obtained  by  adding  the 
exact  contribution  due  to  reaction-time  delay  (t  ■  0.2)  to  the  asymptotic  con¬ 
tributions  of  the  first  order  terms  (dashed)  as  indicated. 

For  the  nonminimum  phase  system  under  consideration  here,  the  generalized 
Nyqulst  criterion  for  stability  requires  that  the  loop  be  closed  with  gain 
greater  than  one  (zero  db)  at  the  low  frequency  -l80-degree  pjhase  point  and  less 
than  one  at  tho  high  frequency  -1 80-degree  phase  point,  The  region  of  stable 
closure  is  indicated  in  Figure  3$,  A  necessary  condition  for  stability,  there¬ 
fore,  is  that  the  maximum  sum  of  the  phase  contributions  of  the  various  first 
order  terms  and  the  time  delay  be  greater  than  90  degrees.  That  is, 

tan"^  Tg^  +  tan*^  Tg^co  +  tan  ^  Tj^o  -  tan"^  Tggu  -  tu  >  90°  (20) 


where  the  u  is  chosen  to  give  the  maximum  phase  peak.  Even  though  this  require¬ 
ment  be  met,  practical  closures  may  be  impossible  unless  the  stable  gain  region 
is  sufficiently  wide. 

These  two  requirements  — -  phase  contribution  greater  than  90  degrees  and  a 
minimum  "crossover"  gain  margin  —  account  for  the  "best"  location  of  as 

shown,  between  l/Tg^  and  l/Tgp*  Selecting  1/Tl  smaller  than  lAsi»  while  tend¬ 
ing  to  broaden  the  frequency  region  where  the  phase  angle  is  greater  than  -1 80 
degrees,  actually  severely  restilcts  the  region  of  stable  closure  because  of 
its  adverse  ei..ect  on  the  amplitude  ratio.  This  is  Illustrated  in  Figure  36(a) 
which  utilizes  asymptotic  constructions  only  and  may  be  compared,  on  this  basis, 
with  Figure  3i>.  On  the  other  hand,  selecting  1/Tl  larger  than  1/Tg2  reduces  the 
phase  angle  to  the  extent  that  stable  loop  closure  can  become  impossible  or,  at 
best,  very  marginal.  Figure  36(h),  which  shows  a  neutrally  stable  situation  for 
a  single  value  of  the  ofjen  loop  gain,  illustrates  this  effect.  Therefore,  since 
the  adaptation  "rules"  imply  a  behavior  akin  to  that  of  a  good  servo  system,  the 
pilot  will  adjust  his  lead  term  to  lie  between  l/Tg.  and  l/Tggt  Unfortunately, 
direct  evidence  of  such  lead  adaptation  (from  measured  human  oynamlc  response 
data)  has  not  been  obtained  to  verify  this  prediction. 
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r.n  accoruance  with  the  jirobabli'  aii/iustni<.'nt  notod  alov  ,  tin;  j-ilot  Iriad  Lorn 
wi'Jl  api)]nxJjnatcly  cancel  the  laf'  due  to  Tg^-  Then  the  jjhase  marf'iji  criterion, 
Plq.  (20),  can  be  written 


(p  ■  tan“^  T0^o  +  tan”^  Tg^w  -  aw 


(u  >  90 
^tnax  ^ 


(21) 


and  the  "phase  crossover"  frequencies  can  be  detennined  by  setting  <p  ■  90°  "1.^7 
radians.  Doing  this,  denoting  "jdiase  crossover  frequency"  by  w^,  and  expressing 
it  in  tenns  of  l/Tg^, 


Solving  for  TgiA  in  terms  of  Wo/(l/TsA  various  fixed  values  of  Tb,|/T02 
gives  the  results  shown  in  Figure  37.  Both  "phase  crossover"  frequencies  are 
imjillcit  in  the  double  valued  curves  drawn,  as  is  thie  value  of  Tg,  A  for  zero 
degrees  phase  margin  (minimujn  Tg,,A).  shown  is  a  line  connecting  the  high 

frequency  crossovers  which  result  in  a  stable  crossover  region  6  db  wide.  The 
point  on  this  line  corresponding  to  Tgi/Teg  "1.0  is  simply  obtained  by  picking 
a  value  of  Ta^ A  for  which  the  high  value  of  wq  is  twice  the  low  value.  This 
follows  because  for  the  particular  case,  Ta./Tep  ■  1.0,  the  open  loop  amplitude 
Bode  plot  is  a  straight  line  of  -6  db/octavfe  slope,  so  a  2j1  ratio  of  crossover 
frequencies  provides  6  db  of  stable  crossover  region.  For  values  of  Ta./TQp 
approaching  zero,  however,  the  amplitude  Bode  includes  a  wide  region  between  the 
lead  and  lag  break  frequencies,  I/T02  and  1/Tbi,  °f  slope.  Because  the  low 
amplitude  crossover  occurs  in  this  region,  the  desired  6-db  margin  requires  that 
the  high  amplitude  crossover  occur  at  a  frequency  such  that  the  attenuation  due 

to  the  lag  Is  l/2j  l.e,,  Y^Ts^Wo)^  +  1  ■  2  or  ■  1 .732.  Both  these 

jjoints  serve  to  orient  the  line  shown  which,  in  turn,  determines  the  minimum 
values  of  TbiA  at  w’llch  the  6-db  gain  margin  can  be  obtained.  Before  these 
values  can  be  accepted  as  being  truly  critical,  however,  it  Is  advisable  to 
check  the  available  phase  margins. 

The  available  phase  margin  is  a  maximum  at  a  crossover  frequency  approxi¬ 
mately  midway  between  the  high  and  low  phase  crossover  frequencies  of  Figure  37. 
More  precisely  from  Eqs.  (21)  and  (22), 
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FIGURE  36 

ASYMPTOTIC  BODE  CHARACTERISTICS  FOR  ALTERNATIVE  LOCATION 
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Numerical  solutions  to  these  two  simultaneous  equations  are  easily  obtained  by 
assuming  values  of  £Oj,i/(l/Tg^)  for  a  given  value  of  T02/TS1,  calculating  the 
value  of  x/Tfi^  from  Eq.  (2I4),  and  then  substituting  all  three  parameters  into 
Eq.  (23).  The  resulting  maximum  phase  margins  are  shown  in  Figure  38.  From 
this  figure  it  may  be  seen  that  the  phase  margins  associated  with  the  6-db  gain 
margins  of  Figure  37  vary  between  11  and  degrees  for  the  range  of  TB1/T92 
covered.  The  latter  value  is  probably  too  small,  so  a  10-degree  phase  margin 
is  used  as  another  indicator  of  the  controllability  limits  in  the  summarizing 
plot  of  Figure  39. 

On  the  basis  of  this  plot,  the  maxlinum  value  of  l/Tg^  which  a  pilot  might 
be  expected  to  control  as  I/T02  approaches  zero  corresponds  to  a  value  of 
TsiA  ■  1.7.  For  the  minimum  value  of  x  obset'ved  in  closed  loop  single-dimensional 
tracking  tasks  (t:  ■  0.15)  this  corresponds  to  I/T3.  ■  3.9.  Increasing  values  of 
1/T92  and  T  will  degrade  this  maximum  capability  which,  incidentally,  corresponds 
to  a  timo-to-double-amplitude  of  about  0.18  seconds.  It  is  of  Interest  therefore 
to  consider  a  more  tyjiical  example. 

Relating  T02  to  airplane  geometric  and  aerodynamic  parameters  and  expressing 
Zvf  in  basic  terms. 


For  a  typical  case, 

h  «  ?5i000 

M  -  2.0 

Ci^  - 

w/s  -  100 

T  >  0.20  (more  typical  value) 

Bf'i'  ...je  Lhe  unltnown,  Tg. ,  appears  In  both  coordinates.  Figure  39  cannot  be  used 
d  ’  i]..,  to  yield  a  solution  for  cases  Involving  finite  values  of  the  parameter 
l/'iV,v  To  overcome  this  difficulty  the  lower  and  upper  limits  of  Figure  39 
be  atspi'oximated  by  the  Inequalities, 
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_2o«L  figure  38 

OPEN  LOOP  PHASE  MARGINS  FOR  ‘Z, 


FIGURE  39 


MINIMUM  CONTROLLABLE  VALUES  OF 


(26) 


1.75  +  1.66 


h 

To 


1  ,  ^2] 

'  <—<1.85  +  2.10  ^ 

T  mo 


which  are  quite  accurate  for  0.25  <Tsi/T02  <  1  .0.  Collectiri[;  the  terns 
and  inverting, 


2.10 

1.95Te; 


1.75Te2 


(27) 


For  the  case  at  hand,  this  yields 

1.65  <72-<  1.99  (28) 

^ai 

These  values  more  nearly  represent  practical  expectations  as  regards  the  control 
of  longitudinal  short  time-constant  divergences.  They  correspond  to  times-to- 
double  amplitude  between  0.35  0.U2  seconds. 

As  a  final  observation,  it  must  be  noted  that  although  such  divergent  situa¬ 
tions  can  be  controlled,  they  require  a  very  high  level  of  skill,  adaptation, 
and  concentration  on  the  part  of  the  pilot.  Such  extreme  performance  and  atten¬ 
tion  cannot  be  maintained  for  long  and,  in  spite  of  the  fact  that  the  pilot  lead 
requirements  may  be  quite  modest  (depending  on  1/Ts2)»  he  may  rate  the  system  as 
unacceptable  for  these  reasons. 
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LONG  PERIOD  liANDLING  QUALITY  CONSIDERATIONS 


A.  CONVENTIONAL  OSCILUTORY  PHUGOID  MODE 

Some  expcrijncnts  have  boon  conducted  to  detemino  the  effects  of  the  con¬ 
ventional  airframe  f)hunoid  mode  on  handUny  qualities  (e.g. ,  References  18 
and  22),  but  these  are  difficult  to  assess  because  of  the  pilot's  basic  ability 
to  cope  with  all  such  low  frequency  oscillatory  notions.  Accordingly,  pilot 
opinion  (see  Figure  Uu  taken  fron  Reference  22)  in  such  studies  appears  to  be 
based  nob  on  closed  loop  considerations  but  on  the  degree  of  pilot  monitoring 
required  to  maintain  a  desired  trim.  This  conclusion  is  supported  by  the  system 
surveys  presented  below. 

The  general  form  of  the  phugoid  mode  transfer  function  is  (see  the  Appendix) 


Kc(T0^s  +  1) 


(29) 


where  1/Te^  is  always  considerably  smaller  than  wp.  A  generic  system  survey 
plot  of  a  well  damped  highly  rated  airframe  and  a  pure  gain  pilot  (note  that 
reaction  time  delays  are  negligible  for  the  frequencies  of  Interest)  is  given 
In  Figure  Ul(a).  The  probable  gain  region  is  not  shown  because  it  is  not  criti¬ 
cal  for  the  phugoid  and  will  be  set  by  short  period  considerations.  The  olosed 
loop  system  is  always  stable  and  more  heavily  damped  than  the  open  loop  (basic 
airframe)  which  is,  itself,  quite  well  damped.  This  situation  then  requires 
only  very  occasional  monitoring  by  the  pilot  for  satisfactory  control,  thus 
enabling  him  to  devote  the  major  portion  of  his  time  to  other  tasks,  Figure 
(b)  presents  a  similar  survey  for  a  situation  in  which  the  basic  airframe  is 
only  very  lightly  damped.  Loop  closure  with  a  pure  gain  pilot  results  in 
Increased  damping  with  increasing  gain  as  before  (see  root  locus)}  now,  however, 
because  the  open  loop  is  very  poorly  damped,  the  uncontrolled  airframe  response 
to  gust  disturbances  will  be  fairly  conspicuous,  requiring  a  relatively  high 
pilot  sampling  rate  for  satisfactory  control. 

Figure  1x2  shows  a  system  incorporating  a  negatively  damped  airframe.  In 
this  case  the  stability  criterion  requires  that  the  total  open  loop  amplitude 
ratio  (gain)  be  greater  than  one  (zero  db)  at  160  degrees  of  phase.  Therefore 
to  stabilize  the  closed  loop  requires  a  minimum  value  of  (pure)  pilot  gain, 
which  is,  however,  quite  low  compared  to  the  probable  gains  used  for  short  period 
control.  Thus  the  system  is  again  easily  stabilized  by  the  pilot,  although  he 
must  now  devote  a  very  large  portion  of  his  time  to  such  efforts. 

These  surveys  clearly  show  that  any  degree  of  oscillatory  phugoid  instability 
can  be  easily  controlled  by  a  pilot.  His  objection  to  instability  seems  to  be 
centered  in  the  monitoring  (sampling)  effort  required  because  this  detracts  from 
other  more  critical  flight  tasks. 
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PILOT  OPINION  VS.  PHUGOID  DAMPING  RATIO 
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"TUCK"  MO]).'*: 


where,  In  general,  -  1 /Tp.|  -  1/Tp2  and  1/Tp.|  -  l/Tpg  so  that  is  very 

Binall  with  rospeot  to  either  l/Tp^  or  I/T])^  (soo  the  Appendl:ic).  A  generic  plot 

of  a  system  having  this  form  and  these  relative  values  of  the  time  constants  is 
shpwn  in  Flf^ure  1^3.  As  in  the  preceding  case,  the  stability  criterion  requires 
a  gain  greatei'  than  unity  at  10O  degrees  of  phase  so  a  minimum  value  of  (pure) 
pilot  gain  is  required  to  stabilize  the  system  (KpKc^l).  Because  this  minimum 
gain  is  much  higher  than  that  for  the  negatively  damped  phugoid  case,  it  may  be¬ 
come  critical  wltl-i  regard  to  jjosslble  interference  with  the  gains  aeslred  for 
good  short  period  performance.  The  divergent  "tuck"  characteristic  can  therefore 
adversely  influence  short  period  perfonnance  by  imposing  gain  restrictions}  the 
nature  of  these  restrictions  will  be  explored  in  the  following  section.  In  the 
meantime  it  is  pertinent  to  observe  that,  as  in  the  phugoid  oases,  the  pilot  can 
easily  control  tho  "tuck"  mode  provided  he  gives  it  a  large  percentage  of  his 
attention.  Presumably  his  opinion  will  deteriorate  as  the  divergent  time  con¬ 
stant  decreases  and  requires  increasing  attention  on  his  part. 

C.  INTERACTION  OF  LOW  FREQUENCY  AND  Si-IORT  PERIOD  MODES 

The  possible  interference  of  the  low  frequency  mode  with  the  gains  desired 
for  good  short  period  closures,  although  most  apparent  for  the  "tuck"  case, 
exists  in  general  for  all  cases.  Consider  the  asymptotic  amplitude  Bodes  of 
Fi(,^ire  Ul  for  tho  complete  e/6e  transfer  function,  (For  simplicity  a  nonequal- 
ized  pilot  is  assumed.)  Short  period  stability  always  requires  that  the  gain  be 
less  than  one  (zero  db)  at  w  ■  lUgp,  which  Imposes  a  maximum  allowable  limit.  As 
noted  in  the  preceding  section,  unstable  phugolds  or  "tucks"  impose  a  minimum 
limit  on  the  gain  contistent  with  stabilizing  such  divergent  low  frequency  modes. 
Additionally,  considering  the  cardinal  adjustment  "rule"  that  requires  good  low 
frequency  j^orformance,  the  minimum  total  open  loop  gain  at  frequencies  approach¬ 
ing  zero  must  be  at  least  one  to  Insure  adequate  crossover,  regardless  of  the 
period  and  damping  of  the  low  frequency  mode.  The  resulting  regions  of  probable 
gain  are  shown  in  Figure  I4I4. 

The  maximum  width  of  these  regions,  considering  a  minimum  gaii.  of  unity  and 
a  maximum  gain  corresponding  to  crossover  at  Ugp  (see  also  Figure  Chapter  VI), 
is  given  by  (in  linear  rather  than  decibel  measure) 

1  o 
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and  a  finite  (-'aj.n  t'ef'ion  ri,>quiri->s  that  tlie  abnoluti'  valin  (jf  th;(.‘t''-  ratios  be  1'  ;  r 
than  one.  Note  tliut  tfie  secutivi  ratio  is  equal  to  tlio  Jirst  inultipll'-cj  by 
■and  that,  when  the  second  ratio  uiq»lies,  the  value  of  this  multipj.icative  factoj’ 
Is  by  definition  greater  than  unity.  The  basic  criterion  is  therefore  tliat  for 
1/T02  <wsp  which  becomes,  in  terms  of  tlie  approximate  relationships  pivon  in  tlm 
Appendix, 


<  1 


(31) 


It  1b  simple  to  show  that  this  required  inequality  may  not  be  realized  in 
quite  common  flight  situations.  In  particular,  if  Cl^  ■  Cm„  ■  0,  implying  that 
there  are  no  power-on  or  Macfi  number  effects  influencing  lift  or  pitching  moments, 
Eq.  (31)  becomes,  in  terms  of  the  aerodynamic  derivatives, 


(32) 


Noting  that  for  reasonable  static  margins,  the  second  term  in  the  first  bracket 
is  small  with  respect  to  one,  it  is  clear  that  the  criterion  will  not  be  met  for 
conditions  where,  approximately, 


dCp 

del 


>CDo 


(33) 


This  situation  has  previously  been  noted  in  Reference  1?  as  corresponding  to  a 
"performance  reversal,"  l.e,,  dD/dU  negative. 
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CONCLOSIONS 


The  analyses  and  correlations  shown  in  this  report  combine  previously 
unconnected  reaoai’ch  results  Into  a  unified  longitudinal  htuidling  qualities 
theory  for  vehicles  operating  within  the  atmosphere.  The  total  effort  can  be 
conveniently  summarized  under  three  major  headings!  (1)  Description  of  the 
pilot  as  an  opinion-generating  (vocal)  adaptive  controller)  (2)  Establish¬ 
ment  of  a  handling  quality  theory  based  upon  vehicle-pilot  system  studies)  and 
(3)  Delineation  of  significant  longitudinal  handling  quality  parameters. 
Conclusions  of  this  report  relating  to  these  topics  are  summarized  in  outline 
or  tabular  fonn  below. 

A.  CONNECTION  OF  PILOT  OPINION  WITH  PILOT  MODEL 

Recognizing  that  the  tern  "pilot  model"  relates  to  the  mathematical  descrip 
tion  of  the  pilot’s  dynamic  behavior  in  closed  loop  control  of  a  vehlole,  it 
is  clear  that  those  factors  which  affect  his  opinion  are  alsc^  strictly  speaking 
part  of  the  pilot  model,  That  is,  the  Influences  noted  here  can  be  considered 
tc  supplement  the  general  rules  regarding  pilot  adaptation  and  adjustment.  As 
such  they  are  a  part  of  the  pilot  model.  They  are,  however,  separated  here  for 
convenience  and  emphasis. 

1.  Effect  of  Closed  Loop  Dynamics  on  Opinion 

a.  For  systems  where  a  first  or  second  order  mode  is  an  adequate 
approximate  description  of  the  closed  loop  dynamics,  a  noees- 
sary,  but  not  sufficient,  requirement  for  good  opinion  is 

«o  >  Moo 

b.  For  systems  where  first  and  second  order  modes  are  required 
to  adequately  approximate  the  dominant  closed  loop  dynamics, 
an  additional  necessary,  but  not  sufficient,  requirement  for 
good  opinion  is 

^CL  >  -3^ 

0,  Conditions  where  uc  cannot  be  made  greater  than  Uqq  are  asso¬ 
ciated  with  extreme  efforts  on  the  part  of  the  pilot  to  over¬ 
come  this  deficiency,  and  with  exceptionally  nonlinear  pilot 
response, 

2.  Effect  of  Pilot- Adopted  Form  on  Opinion 

a.  Best  opinion,  for  a  given  open  loop  gain,  always  occurs  when 

no  pilot  equalization  is  required  (l.e.,  when  Tp  ■  Kpe"^'®/TNB  +  1). 
A  well  defined,  although  fairly  broad,  "beet  opinion"  region 
exists  for  these  nonequallzed  cases.  This  optimum  region  is 
a  function  of  the  manipulative  device  (restraining  forces), 
muscle  group  used  by  the  pilot,  etc. 
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b.  Conl’iC’^i’^tions  where  pilot  lead  is  r'.quired  suffer  a  dif¬ 
ferential  opiiiion  chajiRe  (from  the  nonoqualizeii  iiilot  case) 
proportional  to  Tl  tlA/dp. 

c.  Configurations  wliere  pilot  lag  is  required  result  In  a 
differential  opinion  degradation  from  the  nonequalized 
pilot  case. 

B.  ESTABLISHMENT  OF  A  HANDLING  QUALITIES  TfOSORT 

A  complete,  albeit  rudljnentary,  theory  for  closed  loop  handling  qualities 
has  been  fonnulated,  and  critically  examined  in  the  light  of  available  exper¬ 
imental  data.  While  all  checks  so  far  made  indicate  that  the  theory  has  a 
wide  area  of  applicability,  the  actual  limits  of  validity  and/or  modifications 
required  for  special  circumstances  have  not  yet  been  defined.  Predictions 
based  upon  the  theory  have  been  made  for  conditions  not  yet  examined  in  flight 
or  simulator. 

Typical  steps  Involved  In  the  analytical  prediction  of  handling  qualities 
for  a  new  configuration  Involvei 

1 .  Detenr»ination  of  the  effective  controlled 
element  dynamics. 

2.  Estimation  of  the  pilot-adopted  describ¬ 
ing  function  form. 

3.  Adjustment  of  parameters  in  the  pilot 
describing  function  form  consistent  with 
all  loop  closure  rules, 

h.  Estimation  of  the  closed  loop  system  dynamics, 
including  the  compatibility  of  cog  >  cogg. 

Estimation  of  differential  opinion  degrada¬ 
tion  from  nonequalized  pilot  situations. 

C.  SIQNIPIGANT  LONGITUDINAL  HANDLING  QUALITIES  PARAMETERS 

Application  of  the  theory  to  a  variety  of  configurations  has  resulted  in  a 
fairly  complete  understanding  of  the  vehicle  parameters  which  are  important  In 
manual  longitudinal  control  of  ’'conventional"  (l.e,,  not  rotary  wing,  VTOL, 
etc.)  aircraft.  All  of  these  parameters  are  connected  directly  with  the  vehicle 
transfer  functions.  In  the  longitudinal  axis  three  equivalent-airframe  transfer 
functions  are  required  to  characterize  the  controlled  element  for  various  closed 
loop  tasks.  These  are  S/Sg  for  attitude  control,  az/5e  l*or  situations  where 
normal  acceleration  is  controlled  (e.g,,  fire  control  tracking  and  constant  load 
factor  pullups)  and  u/6e  for  control  of  long  period  trim  or  airspeed.  Generic 
asymptotic  Bode  diagrams,  which  illustrate  many  of  the  parameters,  for  these 
three  transfer  functions  are  shown  in  Figures 

A  summary  of  longitudinal  handling  quality  parameters  derived  from  consid¬ 
erations  of  the  throe  equivalent-airframe  transfer  functions  Is  given  in  Table 
VI.  Most  of  these  parameters  have  been  discussed  in  this  report,  although  a 
few  items  not  discussed  have  been  added  to  make  the  table  complete. 
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TABi.K  VT 

SbWARY  CF  SIGNmCANT  LONf.ITUUINAL  i.YNAMlC  llANlJj.ING  QUALITY  i'AiiAKKTKHG 


Par.amettfj’ 


Short  period 
damping 


im 


Short  period 

natural 

frequency 


Charaoteris- 


hotnogeneouB 
equations  of 
motion 


natural 

frequenoy 


Longitudinal 

divergenoe 


Quan.  derivable 
from  oomplete 
eqs,  of  motion 
in  attitude 
control  tasks 


Short  period 

lead 


Qaln  at 
short  period 
break  point 


Stiok  force 


C)uan,  derivable 
from  short' 
period  eqs,  of 
motion  in  load 
faotor  control 
asks 


dFa/dn 


Zg  effeot 


Stick  force 
per  knot 
OFo/'lUk 


Approximate  Value  In  Tenrj 
of  Stability  i'erlvativos 


“(Mq  +  Mq  +  Z„) 


Mw  -  -Zw 


d6e  Mg 


g/Up 


~6e 

L^Z  J  B-O 

( 

1 

«Bp/ 
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General  l'’,l‘tV'Ci(''^) 
Moasureti 

U^'inai’KK 

- 

Mill  '.ig.,  (with  ijFg/jn  Mi’J  l.'Top  fixed)  are  jirimai’y  oplji- 
lon  quaiitill  ;h  In  short  jierlod  control,  oigp  values  limited 
by  oiien  looj)  response  and  controllability  factors,  l^gp  Is 
sole  determinant  cf  general  time  character  of  short  period 
response.  Inllucnce  of  those  two  quantities  on  opinion, 
controllability,  response,  etc.,  has  been  thoroughly  cover¬ 
ed  by  flight,  simulator,  and  analysis.  Boundaries  are  well 
known  and  factors  In  opinion  are  well  understood.  Preferred 
values  for  "good"  airframes  are  Y,  ■  1 /VF  and  oigp  ■  n. 

Those  values  ar>-  'good"  only  when  l/Top  is  near  wgp. 

For  normal  vehicles  >  0,  fiip/wap  <  1/20)  the  factor  Is 

of  little  importance  in  handling  qualities.  When  Mp/wgp  > 
1/20,  can  create  troublesome  control  dlffloultles,  *  Has* 
been  thoroughly  investigated  in  flight  and  by  analysis. 

When  is  principal  cause  of  divergence,  the  mode  is  1/Tp. , 

called  "tuok."  When  Cj^  is  principal  cause  of  divergence,  ' 
the  mode  is  1 /Tsi ,  called  "pltoh-up. "  Maximum  value  is 
critical  controllability  parameter  in  longitudinal  control. 
Preliminary  analyses  have  been  made.  Flight  and  simulator 
studies  are  currently  in  process  at  NASA  and  CAL, 

Lag  between  normal 
aooeleratlon  and  pitoh- 
ing  velocity  in  short 
period  motions. 

Has  always  been  in  a  nearly  optimum  location  to  aid  short 
period  attitude  control .  In  future  aircraft,  as  becomes 

smaller,  two  effects  will  becems  dominanti  (a)  Pitching 
velocity  and  load  factor  responses  will  differ  drastloally. 

(b)  Pilot  behavior  will  be  modified  to  avoid  a  "droop"  char¬ 
acteristic.  Also  influences  control  of  short  time-constant 
divergence  (Item  1*),  Essentially  no  coverage  In  either 
flight  or  simulator.  Needs  considerable  effort,  including 
Investigation  of  the  effects  of  positive  2^  (negative  Cl,), 

Effective  airframe 
sensitivity  for  atti¬ 
tude  control. 

Key  factor  in  pitch  attitude  control  by  pilot.  On  normal 
airframe  is  usually  satisfactory  if  dFg/dn  is  suitable.  May 
be  critical  at  low  Cl’s  and  on  talllesB  configurations.  Has 
not  been  studied  directly  in  either  flight  or  simulator. 

Deg.  of  static  attitude 
control  available  (d.c. 
gain  for  crossovers  be¬ 
tween  1/T92  «id  03,0 ). 

l^B  not  been  recognized  as  a  crltloal  parameter  in  the  past. 
Low  speed  situations  (wp  relatively  large)  will  be  most 
sensitive  in  this  regard.  Has  not  been  studied  In  either 
flight  or  simulator.  Better  understanding  is  very  desirable. 

Effective  airframe 
sensitivity 

fundamental  short  period  control  parameter,  kas  been 
thoroughly  studied  in  flight  and  simulator.  For  oenter- 
stick  fighters  "good"  values  cluster  about  8  Ib/g, 

Degree  of  dynamic  load 
factor  control  avail¬ 
able. 

Values  have  been  large  in  the  past  with  no  attendant  prob¬ 
lems  except  a  minor  one  in  open  loop  response.  On  future 
craft,  with  smal-ler  and  Ms/Zg  ratios,  may  become  exceed¬ 

ingly  important.  Has  not  beun  otudled.  Needs  considerable 
effort  for  special  future  configurations. 

"Speed  trim"  sensi¬ 
tivity 

Has  been  considered  a  key  factor,  both  steady  state  (trim) 
and  dynamic  (tuok)  for  years.  Detailed  effects  have  not, 
however,  been  thoroughly  studied. 
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Ti]i.  b'.iEic  ar-i  riven  hotli  jji  t'-wnns  ol'  Lheii'  ajijiroximulo  values 

as  tr.'jjisrer  ruiiutioii  quart Lit:I.«.'s  anu  as  stability  derivatlvu  combir.atiuns  (sou 
the  Ajtpenclix),  Tlie  remarks  coliunn  Kunrari'/es  various  points  lierived  i'rom 
:in;ilysis  and/or  f].icht  test,  and  also  indicates  those  items  wliero  I'uture  work 
is  recommended. 

Some  of  these  parameters,  for  example  Items  1,  2,  3,  0,  and  10,  may  be 
considered  classical.  Others,  such  as  Items  i?  and  6,  had  values  on  past  air¬ 
craft  which  were  satisfactory  if  the  classical  items  were  satisfactory  (although 
this  same  state  of  affairs  may  not  be  tine  in  thie  future).  Still  others,  such 
as  Items  h  and  9,  have  been  recognized  as  quantities  which  require  attention, 
although  little  experimental  work  has  been  accomplished  which  show  their 
detailed  effects.  Finally,  parameters  such  as  Items  7  and  9  (in  the  oih/wsp 
form)  have  not  previously  been  considered. 


WADD  TR  60-U3 


100 


vn 


HEraiENCES 


1.  Ki’cndol,  E.  S.,  and  G,  H,  Bames,  Interim  Report  on  Hiunan  Frequency  Re3t)onsu 

Studies.  WADC  Techinical  Report  i)l4-370|  June  19!3i4. 

2.  McRuer,  D.  T,,  and  E.  S,  Krendel,  JJynamlc  Response  of  Human  Operators.  WADC 

Technical  Report  S6-$2h,  October 

3.  Hall,  I.  A.  M,,  Effect  of  Controlled  Element  on  the  Human  Pilot.  WADC  Tech¬ 

nical  Report  57“509»  August  1958. 

h,  Seckel,  E. ,  I.  A.  M.  Hall,  U.  T,  McRuer,  and  D.  H,  Weir,  Human  Pilot  Dynamic 
Response  in  flight  and  Simulator.  WADC  Technical  Report  5'7"520,  October 

.  Ashkenas,  I.  L, ,  and  D.  T,  McRuer,  The  Determ^ation  of  Lateral  Handling 

Quality  Requirements  from  Airh’ame  Human-Pilot  System  Studies.  WADC  Teoh- 
nical  Report  June  19^9. 

6.  Rathert,  George  A.,  Jr.,  Brent  I.  Creer,  and  Joseph  0,  Douvillier,  Jr., 

Use  of  flight  Simulators  for  Pilot-Control  Problems.  NASA  Memorandum 
3 -6- 5 9A,  February  19^9. 

7.  Brown,  JohnL.,  and  C,  C,  Collins,  "Alr-to-Air  Tracking  During  Closed-Loop 

Centrifuge  Operation, "  Aviation  Medicine.  November  1 958»  PP.  79i^"80ij. 

8.  Tuatln,  A,,  ^  Tnvestigatlon  of  the  Operator’s  Response  to  Manual  Control  of 

a  Power  Driven  Gun.  C.  S.  Memorancium  No.  169.  Metropolitan- Vlolcers 
ELectrioal  Co..  Ltd,,  Attercllffe  Common  Works,  Sheffield,  Englanu, 

Augi.ist  22,  I9I4I1. 

9.  Tustin,  A,,  Notes  on  Manual  Control  of  Guns  Further  to  C.  S.  169  and 

C.  S.  I8li.  C.  S.  Memorandum  ko.  203.  Metropolitan-Viokers  Eieotrioal 
Co,,  Ltd,,  Attercllffe  Common  Works,  Sheffield,  England,  April  k,  ^9k^> 

10.  Tustin,  A,,  The  Choice  of  Response  Charyteristios  for  Controller  for  Power 

Driven  Guns.  C.  S.  Memorandum  No.  I8I1.  Metropolitan-Viokers  felectrioai 
Co,,  Ltd,,  Attercllffe  Common  Works,  Sheffield,  England,  Ootober  10,  I9UI;. 

11,  Tustin,  A,,  "The  Natui’e  of  the  Operator* s  Response  In  Manual  Control  and  Its 

Implioations  for  Controller  Design, "  Journal  of  the  I.E.  E. .  Vol,  91;* 

Part  IIA,  No.  2,  19i;7. 

12,  Russell,  L,,  Characteristios  of  the  Human  as  a  Linear  Servo-Element.  M.  S. 

T)  =:is,  Massachusetts  institute  of  'technology.  May  18,  1951. 

13.  Human  Dynamic  Study.  Goodyear  Aircraft  Corporation,  Report  No.  GER-1;750, 

April  8,  1952. 

1  lu  Investigation  of  Control  "^el"  Effeots  on  the  Dynamics  of  a  Piloted  Alroraft 
System.  Goodyear  Aircraft  Corporation.  Report  No.  GfaR-6726.  April  ^1?. 


WADD  TR  60-1i3 


101 


If.  Elkind,  J.  1.,  Characii-i-irit^ics  oi'  Sijnpli'’  Manual  Conirol  SysUnns,  K;a3.5achus'’l{.s 
Institute  of  Teclin'^lof'y,  Lincoln  Laborvitory,  Report  No.  Ill,  April  6,  19i)6. 

16.  McRuor,  D.  T.,  and  E.  S.  Krendel,  "The  Human  Oj^erator  as  a  Servo  System  Element," 
JouiTial  of  the  Franklin  llistituto.  Vol.  26?,  Nos.  and  6,  May  and  June  1959. 


17.  Ashkenas,  I.  L.,  and  U.  T.  McRut’r,  Approximate  Airframe  Transfer  Functions  yid 

Application  to  Single  Sensor  Control  Systems.  WADC  Teciinical  Report  56-82, 
June  1958. 

18.  Newell,  F,,  and  G.  Campbell,  Plight  Evaluations  of  Variable  Short-Period  and 

Phugold  Characteristics  in  a  WADC  Technical  Report  51;-5'9L  December 

ran 


19.  Harper,  R,  P. ,  Jr.,  flight  Evaluations  of  Various  longitudinal  Handling 
Qualities  in  a  Variable-Stability  Jet  Fighter.  WADC  Techinlcal  Report 

55-299,  July  1 955^ 


20.  Chalk,  C,  R,,  Additional  flight  Evaluations  of  Various  Longitudinal  Handling 
^allties  in  a  Variable-StabillW  Jet  Fighter.  WA.DC  Technical  Report 
57-719,  Part  II,  July  19^6. 


21.  Cooper,  Q,  E, ,  "Understanding  and  Interpreting  Pilot  Opinion.  "  Aeron/iutical 

fhglneering  Review.  Vol.  I6,  No.  3,  March  195?. 

22.  Newell,  F, ,  and  D.  V.  Rhoads,  Right  Evaluation  of  Variable  Phugo id  Damping 

in  a  JTB-26B  Airplane.  WADC  Teohnical  RBi)ort  56-223,  beoemter  ^955. 


WADD  TR  60-1i3 


102 


APPENDIX 

AIKFliAKP;  TllANSfra  FUNCTIONS 


As  shown  in  Rororenoe  17,  the  longitudinal  dynamic  characteristics  of  an  air¬ 
frame  can  be  represented  adequately  by  two  separate  sets  of  simplified  equations 
of  motion.  The  first  of  these,  involving  predominantly  attitude  and  normal  accel¬ 
eration  changes,  is  the  classical  two-degree-of-freedom  short  period  set  of  equa¬ 
tions.  The  longer  period  phenomena,  which  include  both  the  classical  phugoid 
oscillation  md  the  more  novel  tuck  divergence,  require  the  consideration  of  a 
simplified  three-degree-of-freeriom  set  of  equations.  Consequently,  the  airframe 
motions  of  importance  In  long  period  phenomena  include  changes  in  forward  speed 
in  addition  bo  attitude  and  normal  acceleration.  Most  piloting  tasks  of  interest 
for  longitudinal  control  involve  stabilization  of  vehicle  attitude  and  velocity. 

In  special  circumstances,  such  as  constant  load  factor  pullups  and  fire  control 
tracking  (with  certain  types  of  fire  control  systems),  the  closed  loop  system  can 
also  Involve  direct  control  of  normal  acceleration.  Each  of  these  motion  quanti¬ 
ties  is  either  Inherently  or  especially  presented  to  the  pilot  in  display  form  so 
that  visual  modality  can  be  of  paramount  interest  in  their  control. 

The  controlled  element  transfer  function  characteristics  of  general  interest 
to  the  longitudinal  control  problem  are  summarized  (from  Reference  17)  as  to  form 
and  relative  pole-zero  values  as  follows. 

A,  SHORT  PERIOD  —  Basic  Assumptloni  Fbrward  speed  remains  constant,  i.p.,  u  *0 

1 .  Attitude  Transfer  Flinction 


In  terms  of  stability  derivatives! 


(A-1) 


Ae  ■ 

1  . 

Teg 


2(iii))gp  - 

Ke  S 


Mg  +  M^ifZg  i  Mg  I  assumesjMi^Zgl^ClMel 

"Mg%  M^Z^  "  ^  ^  Mw  J  M*Zglc|Mg| 

-Zw  I  assumes  ^  Mw|  |  ^wl 

■  T^  ^  ^ 

■  ^  T^  "  -  (Mq  +  Md  +  Zw) 

Ae  ^  _  ^eTsiTsg  .  M^Zs  -  MgZ^, 

'^®2“sp  ^ 


(A-2) 
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2.  Vertical  Acceleration  Ti-insfor  I’linotion 


(£  *  ^  B  *  i\ 

V4  “h  / 

t  S  *  A 

V  ’p  “=>’  / 


for  forward  controT 


ThoTh 


(ThgS  ^  1)(“Th3S  ^  1) 

A  =  *  A 

^“ip  "»p  / 


(A-3) 


for  aft  control 


In  terms  of  stability  derivatives: 


h  “  -f^Th  "  ^  Ms  J  assumes  |^M„|<S:|z„| 


Th2  Th3  '  Z6  Z6 

"  fhj  “  Th^  "  ^ 

_  ^  Ms^  -  MqZs 

”  “ip  ~  Vh^o.!,, 


(A-M 


Additionally,  for  aft  control: 


(Mg  f  yij) 


(Mgjji)  a/t;^ 

2  *  y  z& 


(A-5) 


^Both  denominators  can  also  assume  the  second  fo;nn  shown  for  G/Sq. 
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3.  Relative  Pole-Zero  Values 


1 

T02 


<  2(!'a3)gp,  from  Eqs.  (A-2) 

<  Map  for  i:  <  0.5 


ZgMs 

ZfiMa 


,  from  Eqs.  (A-2)  and  (A-Ii)|  assuineB  Mg) 


2lc  %  .  xt 
CMa  Cj^  x^o 


where  tall  length,  xt,  and  dlatanoe 
to  aerodynamlo  center,  Xaoi  az'e  both 
measured  from  the  o.g.  positive  for¬ 
ward)  for  static  stability  Xao  <  0. 
Accordingly, 


«h  >  «sp  0^'  alternatively  Th^  >  »  “sp 


1;.  Pitching  Velooltyi  Vertical  Acceleration  Transfer  Function 


1 


-Ah(s2  +  2i:H“h»  +  “S) 

N - - - - 

or 


(A-6) 


Vl'om  the  general  relative  pole-sero  values  noted  above,  It  Is  clear 
that  for  frequencies  of  the  order  of  short  period  the  denominator 
dynamics  will  be  negligible,  l.e.,  |b2  ^  or 

1/Th2i  1/Th3.  Then, 


■J«Bp 


“sp 


1 

•z 


A,  ^  (Teji  +  1) 


-Atf>h 


or 


Ah 


h2™h3 


(A-7) 
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or.  subsliiutinr  tli*’  bi'rivativr  rxj)resKioris, 


^7j 


-MsZwCTe^s  +  1) 
^6 


T02S  +  1 


(A-8) 


Jj,  Stick  Force  Per  g  in  Steady  Maneuver? 

The  steady  state  stick  force  per  g,  considering  only  the  short  period 

mode,  is 


Relating  this  to  the  attitude  gain  at  short  period,  Kq^p  ■  Ms/cogp,  discussed  in 
Chapter  IV,  Section  D, 


ciFg  SFs  e  1 

or,  in  terms  of  the  basic  aerodynamic  parameters. 


(A-10) 


Fbr  conventional  airplanes  with  "constant"  stick  force  per  g,  ^Fs/^Sg  is  propor¬ 
tional  to  the  dynamic  pressure.  Cl  is  of  course  inversely  proportional  to  dynamic 
pressure,  and  the  remaining  aerodynamic  parameters  are  constant.  Thus,  dFg/dn  ■ 
constant/KQ.p  and  a  constant  stick  force  per  g  also  implies  then  a  constant 
effective  attitude  control  gain,  Ke^p,  In  turn,  a  constant  Ke^p  will  (exclusive 
of  other  dynamic  effects)  call  for  affixed  pilot  gain,  Kp,  Thus,  a  "good"  stick 
force  per  g,  a  "good"  Kggp,  and  a  "good"  Kp  are  all  different  ways  of  saying  the 
same  thing. 
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B.  LONG  PKHIOU  —  Basic  AssuinrLlfn :  |(s  -  Kq)q  j  <gC  +  M^u  | 
1.  Attitude  Transfer  Piincticn  (for  frequencies  <SC  I/T02) 


A^  (Te^s  +  1) 

^0l“n  /  ^ 

\“l.  > 


(Te^s  +  1 ) 


In  terns  of  stability  derivatives! 


•  .  ^6^ 


JL  i  Y  *  V  /ZsMu  •  MgZA 

Tei  ^  VzsMw  -  MeZw/ 


(A-11) 


(A-12) 


Un  ■ 


‘  ■ 'lit  ^  ’  •■■’””|lt’t|'«|2w| 

\A“1 2) 

11^  K  /„  MuZw\  .  ■  “8;f^  /'More  general 

"  Tp^  Tp2  "  Uo  "  Mw  /  “  “  “  —  V  approximation 


k  approximation 


•  it:;  -  •  -Xu » ig  (*<*  -  E) 

k'  =  -4-  =  -  :  ^6(XuZ«  -  X„Zu)  *  ZeVu 

TQiO)^  e(%Zu  -•  MuZw) 
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Vflocily  Ti’un:- I'l'T  HaicLnon 


K  ''  >^1 


(Tuis  +  1) 


s  +  A 

\-p  / 


or 


(A-13) 


-A,: 


(Tui s  +  1 ) 


DCTpgS  +  1) 


In  terms  of  stability  derivatives! 


A 


f 

u 


MsCXg  -  g) 
Hi 


N6(Xg  -  g) 


(Xa  -  g) 


assumes 


Ms 


K 


I 

u 


Tui 


Ms^w 

Mw^u  ■ 


3.  Relative  Pole-Zero  Values 


1  Of  same  order  of  magnitude  as  2{'i^)p  or 

can  be  larger  or  smaller  '^Pl  P2 

1  Always  roughly  the  same  as  (^)gpj  can  be  larger 
Tui  or  smaller 


(A-1Ii) 
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